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SPEEDOMAX RECORDING 
MICROPHOTOMETER 


(Knorr-Ac pers) 


Recording Microphotometer like 
the one described below, for high- 
speed, high-precision metallurgical 
analyses by the spectrographic method. 

The unit above holds the spectro- 
gram and scans it with a narrow, 
focused beam of light. The light, 
transmitted by the plate, falls on a 
photocell, producing a current which 
varies with the density of the spec- 
trum. The Speedomax, at right, re- 
cording this current, gives the rela- 
tive densities and positions of the 
spectrum lines. 


May, 1941 


QUANTITATIVE ANALYSES 
NOW 6 TIMES AS FAST 
AS BEFORE 


New Knorr-Albers Microphotometer Gives Quick 
Determinations Of Elements Present 
In Small Percentages 


It used to take the chemists 8 hours 
to analyze the 150 samples that come 
to a certain large metallurgical labora- 
tory every day. Now, with their new 
Knorr-Albers Microphotometer, these 
men do their work 6 times as fast as 
before, and within the conventional 
tolerances of chemical methods. 


Inking records of spectrum-line 
densities on a chart 25 cm, wide, a 
Speedomax Recorder makes possible 
accurate and convenient comparisons 
with the record of a standard spectro- 
gram on the same chart. Standard 
and test spectrograms are taken from 
the same plate, thus eliminating photo- 
graphic complications. High speed 


fatigue or time lag, makes this the 
easiest, and by far the fastest method 
vet developed for recording spectrum- 
line densities. 


The continuous record allows the 
operator to judge the effect of the pres- 
ence of other lines (which are dis- 
tinctly resolved but not completely 
separated) on the density of the lines 
to be measured. The continuous record 


Catalog News 


Thermocouples 


The first edition of the L&N Thermo- 
couple Catalog gives descriptions, 
tables and specifications of thermo- 
couples and their parts—wires, insula- 
tors, heads and tubes. There are gen- 
eral recommendations for wires, as a 
guide to selecting the best for a par- 
ticular use, and corresponding infor- 
mation is given about tubes. Test 
methods and apparatus are briefly out- 
lined. The catalog contains 40 pages, 
and is thoroughly illustrated with dia- 
grams and photographs. 


If vou haven’t already received a 
copy, ask for Catalog N-33A(6). A 
copy will be sent by return mail. 


Photometers 


Photometric equipment users are 
finding much to interest them in L&N’s 
newly revised catalog, ‘“Photometers 
and Accessories.” 


This publication covers the entire 
L&N line of instruments for precise 
measurement of illumination, candle- 
power and brightness, together with 
accessory equipment for a number of 
educational and industrial applica- 
tions. 


Included are bar photometers, sphere 
photometers and the Macbeth illu- 
minometer, as well as sight boxes, 
photocell assembly, Brooks potentiom- 
eter and other apparatus. Write for 
Catalog E-72 for this complete infor- 
mation. 


also insures the automatic recording of 
the peak density and permits the accu- 
rate measurement of lines which are 
hardly visible when projected. 


The measurement of the same line 
in different exposures or different steps 
of a sector exposure can be expedited 
by means of adjustable limit switches. 
Since recording is automatic, the meas- 
urement is carried out without eye- 
strain. 


This user now has three of these 
Microphotometers, has two more on 
order, and another under considera- 

_ tion. They have made the statement 
| that, “the equipment is too valuable to 
| do without.” 


Further information will be sent on 
request. 
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Introducing ahew Era 


May, 1941 


with leads and probes 


For the first time in instrument history, all the features 
listed above have been combined in a single, low- 
cost instrument to herald a new era in testing! 


Originally designed for radio circuit testing, the RCA 
JUNIOR VOLTOHMYST has proved unexcelled for 
use in all electrical fields where extreme sensitivity, 
accuracy and ruggedness are important factors. It 
utilizes the famous Rider VoltOhmyst electronic push- 
pull circuit. Thus, instead of being applied directly to 
the circuit under test, the meter is driven by the elec- 
tronic circuit which, in turn, is energized from the 
circuit being tested. 


By this means, the high input resistance of 11,000,000 
ohms can be maintained on all d-c voltage scales, giving 
a maximum sensitivity of 3,666,666 ohms per volt. 
This extreme sensitivity also allows resistance measure- 
ments from 0.1 ohm to 1000 megohms. As maximum 
meter driving power is limited by the capabilities of 


the electronic circuit, full meter protection is obtained 
on d-c voltage and ohms measurements. A shielded lead 
with an isolated probe is furnished to insure negligible 
circuit disturbance during d-c voltage measurements. 


SPECIFICATIONS 


D-C VOLTMETER ...6 ranges of 0-3, 10, 30, 100, 300 and 1000 
volts with a constant input resistance of 11,000,000 ohms. This 
permits true dynamic testing under actual operating conditions. 
Full meter protection. 


OHMMETER ...6 ranges of 0-1000, 10,000, 100,000, 1,000,000, 
10,000,000, 1,000,000,000 ohms. No zero reset required when 
changing scales. No leads to short. Full meter protection. All ohms 
read on one scale having low end expanded for greater accuracy. 


A-C VOLTMETER ...5 ranges of 0-10, 30, 100, 300, 1000 volts. 
Isolated a-c circuit uses copper oxide rectifier giving 1000 ohms 
per volt sensitivity. 


METER ACCURACY... 2% at full scale. Matched pair multiplier 
resistors accurate to 1%. Rugged meter movement; withstands 
mechanical shocks, 


ASK FOR RCA CATALOG NO. 105—Describes Junior VoltOhmyst, also the full line 
of RCA Oscillographs and Test Equipment for a wide variety of industrial needs, 
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The Shortage of Physicists 


HE war has brought to the front in a 

dramatic fashion the need for physicists 
in a technical society. Britishers and Americans 
returning from Great Britain have both em- 
phasized that in no other profession is there such 
a serious shortage of men as in the ranks of the 
research physicist. The technical advantages 
which come from the successful completion of 
even a modest research program often far over- 
shadow a numerical advantage in supplies ob- 
tained at an enormous cost in labor, material 
and time. To take just a single example—an 
inspired research program on rapid and accurate 
range finders for anti-aircraft guns may be far 
more effective than a prodigious amount of time 
spent in the straightforward construction of 
fighter planes. 

The rub is, of course, that one can’t have an 
inspired or any other type of research program 
without trained personnel. At the present time, 
universities are cutting short defense training 
programs because of inadequate staffs; indus- 
trialists are postponing large research projects 
because trained physicists are unavailable; and 
urgent government defense research projects are 
finding it necessary to 
compete with one an- 


trying to become proficient in research methods? 
The answer to these questions unfortunately 
is ‘‘No.”’ Gradtiate assistantships are going 
begging. Undergraduate classes beyond the 
first-year course are vanishingly small. How can 
this country compete with the highly technical 
totalitarian countries if so little interest is shown 
in ‘‘honest-to-goodness”’ scientific training? 
Perhaps the lack of interest among students 
in scientific subjects is part of a general slacken- 
ing in our educational requirements. We hear 
that high school students are not required to take 
mathematics because it is difficult. General 
science replaces physics and chemistry because 
it is more descriptive. Students are advised to 
take business arithmetic, typewriting and even 
automobile mechanics because they are more 
“practical.” There is considerable evidence that 
physics, chemistry and mathematics are consid- 
ered too difficult because many of the high school 
teachers have never understood these subjects 
themselves. They have spent so much time learn- 
ing to teach that they have not had time to learn 
their subject. The American Association of Physics 
Teachers has begun a study of this question 
and is expecting to use 
its influence to insure 


other because of the in- 
sufficient number of 
physicists. 

The situation is in- 
deed serious now, but 


For June 


Explorations Toward the Limit of Utilizable 
Pressures, by P. W. BRIDGMAN 


Applications of Radioactive Tracers to 


that secondary school 
teachersare well trained 
in subject matter. We 
wish them every suc- 
cess. They may be sure 


what about the future? Biology and Medicine, by Joseru G. that those who are 


Are young men clamor- HAMILTON 
ing to get into physics 
classes? Are the uni- 
versities overloaded 
with graduate students 


Theory of the Plastic Properties of Solids. 
11, by FREDERICK SEITZ AND T. A. READ 


Also Contributed Original Research Papers 


deeply concerned over 
the shortage of physi- 
cists in our national 
defense program will 
give them full support. 


361 


be 
A 
igi 


Applied X-Rays 


UST fifty years ago a startling discovery was 
made. A vacuum tube through which an elec- 
trical discharge was passing emitted radiation 
capable of penetrating materials opaque to ordi- 
nary light. The unknown nature of these rays led 
to the name x-rays. From this simple laboratory 
experiment a $20,000,000-a-year industry, manu- 
facturing x-ray tubes and equipment, has grown 
up. 

This issue of the Journal of Applied Physics is 
concerned with the applications of x-rays in 
research, in industry and in medicine. With the 
help of Professor Bertram E. Warren, our 
associate editor, a representative group of papers 
has been gathered together for this issue. An 
attempt has been made by the use of photographs 
and special typography to present this subject in 
as interesting a form as possible. Special acknowl- 
edgment is due to Dr. G. Failla, Dr. S. S. Sidhu 
and Dr. L. S. Taylor for their help in obtaining 
photographs. 

On the cover and on this page are illustrated 
in its early installation stages the great 1,400,000- 
volt cascade transformer rectifier and x-ray tube 
of the National Bureau of Standards. 


X-Ray Physics and X-Ray Tubes 


A fast moving electron strikes a target—an x-ray is born. This paper leads one from 
this simple fact to the most advanced sealed-off tubes with air or liquid cooling, ro- 
tating targets, as well as demountable tubes of both vacuum and gas-filled types. 


By VicTOR HICKS 


Westinghouse \-Ray Division, Westinghouse Electric & Manufacturing Company, 
Long Island City, New York 


Introduction 


HE physical phenomena associated with the 
production and utilization of x-rays, as a 
of radiant energy, are fundamentally 

electronic in nature. The atomic nucleus is of 
importance only insofar as it contains the mass 
and electric charge necessary to hold the extra- 
nuclear electrons together. As a consequence, the 
essential features of these phenomena generally 
may be explained in terms of relatively simple 
atomic theory based on an elementary picture of 
the external atomic structure; with but few 
exceptions, such theory is quite adequate. 


form 


X-Ray Spectra 
Tue PropuctTion or X-Rays 


In general, x-rays result upon the sudden 
deceleration of high velocity electrons by col- 
lision with atomic electrons. A convenient source 
of such high velocity electrons is a partially 
evacuated gaseous discharge tube with properly 
chosen electrodes. When an appreciable potential 
difference is applied to the electrodes, ions are 
formed by collision and are drawn to the cathode 
with sufficient velocity to release electrons there. 
The potential difference between the electrodes, 
maintained at their respective polarities, then 
accelerates these free electrons, called the cathode 
electrons, to the target, where x-rays are pro- 
duced. Conventional design requires that the 
cathode be concave, producing a field which 
directs the electrons to a relatively small area on 
the target known as the focal spot. The discharge 
current through such a tube depends, of course, 
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on the gas pressure in it as well as on the applied 
voltage. Continued operation lowers the gas 
pressure as a result of attachment of ions to the 
electrodes or walls, and eventually the potential 
difference must be increased, or gas introduced 
in order to maintain the current between the 
electrodes. Although such tubes are somewhat 
difficult to operate, they have the advantage that 
serious contamination of the target is avoided by 
the use of an aluminum cathode. 

On the other hand, if the pressure in the 
discharge tube is lowered so that the mean free 
path of the ions under the applied voltage is much 
greater than the inter-electrode distance 
appreciable discharge will pass. An incandescent 
filament then serves as the electron source. In 
such tubes, the current may be controlled inde- 
pendently of the voltage applied between the 
electrodes. 


no 


THe CONTINUOUS SPECTRUM 


The x-rays produced at the target inside an 
x-ray tube always contain a continuous band of 
wave-lengths. This indicates that the exciting 
electron does not always release all of its energy 
in the first collision at the target, and in fact, this 
is only rarely the case. If V is the voltage applied 
between the electrodes of the tube, the shortest 
wave-length excited, Ao, is given by the relation 

he/Ay=eV (1) 
in which A is Planck’s constant, c, the velocity of 
light, and e, the electronic charge. This gives the 
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convenient relation 


Ao = 12.35, V angstroms, (2) 
where JV is in kilovolts (peak). 

The continuous spectrum provokes an ex- 
ception to the successful application of simple 
atomic theory to x-ray phenomena, for complete 
explanations of the essential features of this 
spectrum are not fully afforded by such theory. 
However, certain properties are known experi- 
mentally. The total energy contained in the 
continuous spectrum is, to a practical approxi- 
mation, proportional to the square of the exciting 
voltage. The energy of the continuous spectrum 
is also proportional to the number of electrons 
producing it, that is, to the tube current and the 
atomic number of the target. The efficiency of 
production of x-rays, which is proportional to the 
atomic number of the target and the applied 
voltage, is rather low: with a tungsten target 
operating at 100 kv, about 0.8 percent of the 
energy of the electron stream is converted to 
x-ray energy. The energy distribution increases 
steeply with increasing wave-length from the 
short wave limit to a broad maximum at roughly 
1.5Xo, after which it gradually diminishes; this 
relation is not exact to the extent that the wave- 
length of maximum energy shifts slightly towards 
the short wave limit as the exciting voltage is 
increased. The continuous spectrum is used in 
industrial and medical radiography, as well as 
therapy, and the relations given are important in 
these fields. 


Tue LINE SPECTRUM 

When suitable targets and voltages are used, 
the x-ray beam may contain a line spectrum 
superimposed upon the continuous spectrum. An 
element of high atomic number will have several 
series of line spectra. The series with the shortest 
wave-lengths, the K series, contains four well 
resolved lines (see Fig. 1). The LZ series, comprising 
the next longer wave-lengths may contain as 
many as 20 or more lines, in three well-defined 
groups. The ./ and N series, however, while still 
longer in wave-length, contain fewer lines. The 
wave-lengths of these lines are related to the 
atomic number of the atoms producing them, and 
are independent of chemical combination ; conse- 
quently, they are known as characteristic spectral 
lines. 
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The essential features of the characteristic 
spectra may be readily explained in terms of the 
Bohr theory. These spectra are excited by the 
transition of electrons between the inner elec- 
tronic orbits or energy levels. Energy absorbed by 


Cu-k 


Au L 


Fic. 1. Characteristic x-ray spectra. 


an atom, either from electron bombardment, or 
from radiation, may be used in the removal of an 
electron from one of the inner orbits, against the 
attraction of the nucleus. The vacancy is then 
filled by transition from one of the outer orbits, 
which in turn may be filled by further transitions 
until the addition of a conduction or free electron 
returns the atom to its original state. In these 
transitions, the work done by the electron in 
approaching the nucleus appears as radiation in 
the form of a spectral line. According to the 
elementary Bohr theory of the atom the frequency 
of an x-ray line, vy, may be readily calculated as 


(3) 


where R is Rydberg’s constant and n, and n; are, 
respectively, the quantum numbers of the final 
and initial states of the electron. This expression 
differs from corresponding expressions for optical 
spectra largely through the addition of the 
empirical constant S which accounts for the fact 
that the charge acting on an electron is less than 
Ze because of the presence of the electrons 
external to it. The frequencies of the Ka lines are 
obtained by considering transitions from an 
initial state described by n;=2, to a final state 
for which n;=1. The KB lines arise from a 
transition between states for which n;=3 or n;=4 
to the same final states, see Fig. 2. The final 
energy state n;=2 is common to the L-series 
lines. 

In a strict sense true x-ray characteristic 
spectra can appear only when the initial and final 
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energy levels are properly filled with electrons in 
the unexcited atom. Thus sodium is the lowest 
atomic number element to have two resolved 
K-series lines, and four K-series lines appear well 
resolved first for nickel. The two electrons in the 
K orbits have equivalent energies. However, the 
8L electrons are distributed over three levels of 
slightly different energy, the 18. electrons over 5 
such levels and so on. This requires some modifi- 
cation of the frequency expression (3), which 
leads to a multiplicity of the lines. For example, 
three groups of L-series lines appear, each group 
having a common final energy state differing 
slightly from the others. According to selection 
rules, not all transitions are permitted; for 
instance only two Ke lines appear as permitted 
transitions from two of the L-energy states. 
Deviation from these rules may occur when the 


\% 


Fic. 2. Qualitative energy level diagram for the K series. 


levels involved in the transitions are not com- 
pletely filled. 

I:quation (3) shows that the square root of the 
frequency of a true characteristic line should bear 
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a linear relation to the atomic number, and 
experiment elegantly confirms this. A plot of 
these relations is known as a Moseley diagram, 
after the discoverer. 

The spectral lines of a given series or group 
appear only when the applied potential is suff- 
cient to eject an electron from the final state, and 
remove it entirely from the atom; the voltage 
required is known as the critical excitation 
potential. Thus, as the applied potential is 
increased, the ./-series lines may appear in five 
steps, and the L-series in three steps, while only 
one potential is required for the K-series lines. 
The intensity, 7, of a spectral line is related to the 
applied potential, 1’, and to the electron current, 
i, to a good approximation by 


I=Ai(V—V>)", (4) 


where I) is the critical excitation potential, and 
A is a constant of proportionality. If constant 
potential excitation is used, ” is approximately 
1.7 or 1.8, while if other types of voltage are used, 
the expression becomes more complicated. 

The characteristic spectral lines are useful in 
x-ray diffraction analysis as a source of mono- 
chromatic radiation. Their simplicity affords a 
convenient method of qualitative chemical analy- 
sis for most elements except those in the early 
portion of the periodic table (see Fig. 3). 


Absorption 
ABSORPTION EQUATIONS 


A beam of x-rays is reduced in intensity as it 
passes through matter. If the x-ray beam is 
monochromatic, and the matter homogeneous, 
the fractional reduction in intensity, d/J, is 
proportional to the distance traversed, dx, or, 


dI,/Il=udx, (5) 


where u is the linear absorption coefficient. If the 
x-ray beam is one square centimeter in cross- 
sectional area, » thus gives the fractional power 
diverted per unit volume of the absorber. For 
practical purposes, it is more convenient to know 
the fraction of the power diverted from a beam of 
unit cross-sectional area by unit mass of the 
absorber; this is given by the mass absorption 
coefficient, uw p, where p is the density of the 
absorber. The mass absorption coefficient is 
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independent of the physical state of the absorber 
and the chemical condition of the atoms in it, 
whereas the linear absorption coefficient is not. 
When consideration is taken of this, the ab- 
sorption equation may be written 


(6) 


in which J, is the intensity at zero distance in the 
absorber. Values of «/p may be found in various 
tables.! If the mass absorption coefficient is 
divided by the number of atoms per gram of the 
absorbing element, the power diverted per atom 


sNo 
Ma ’ ( 7) 
p! A 


where No is Avogadro's number and A is the 
atomic weight. 

The diversion of power may take place in two 
ways. A portion of the incident energy may be 
expended in the ejection of an electron, being 
transformed into the kinetic the 
photoelectron and the potential energy of the 
ionized atom; this is known as true, or photo- 


Is 


energy of 


electric absorption. Also, a portion of the energy 
may be scattered with or without change in wave- 
length. If 7, designates the atomic true absorption 
coefficient, and o, the atomic scattering, the 
atomic total absorption coefficient may be 
written 

Ma=TatGa.- (8) 


TRUE ABSORPTION 


X-rays are absorbed more readily by any one 
element the lower the voltage exciting them or 
the longer the wave-length. A curve showing the 
atomic true absorption coefficients of an element 
with respect to wave-length may show a con- 
tinuous variation interrupted by a sharp discon- 
tinuity, at which it drops precipitously to about 
1/7 or 1/8 of its maximum value for elements in 
the central portion of the periodic table, after 
which it again increases rapidly. This discon- 
tinuity occurs at a wave-length which is exactly 
that calculated by inserting the K-series critical 
excitation potential in Eq. (2), and is therefore 
known as the K discontinuity. X-rays on the long 
wave-length side of the discontinuity do not 
contain enough energy to eject a photoelectron 
from the K levels, and the element is, conse- 
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Fic, 3. X-ray emission spectrogram for qualitative chemical 
analysis. Courtesy W. C. Pierce. 


quently, highly transparent to them. Once the 
wave-length is decreased to just beyond the 
discontinuity, however, energy diversion may 
take place in this way and the photoelectric 
absorption becomes much larger. In elements 
with properly filled energy levels there are, for 
similar reasons, three Z and five .W discon- 
tinuities, as well as others, at wave-lengths longer 
than the K discontinuities; the magnitudes of 
these discontinuities are less than the K discon- 
tinuities. Collectively, they are known as the 
critical absorption limits. 

Experiment shows that the true absorption 
coefficient is closely proportional to the cube of 
the wave-length between or beyond the critical 
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absorption limits, as well as to the fourth power 
of the atomic number. Accordingly, 


(9) 


where the constant of proportionality, B, changes 
at the critical absorption limits; ” is close to 3, 
but decreases as ZX increases. 


FILTERS FOR DIFFRACTION ANALYSIS 


A beam of x-rays which is monochromatic or 
very nearly so is often desirable in x-ray diffrac- 
tion analysis. The pair of Ka lines, which do not 
differ greatly in wave-length for the elements in 
the central portion of the periodic table, would 
suffice for such a beam, were it not for the 
presence of the KB lines which have a wave- 
length equal to about nine-tenths that of the Ka 
lines. Fortunately, such lines may be removed by 
a filter which has a K critical absorption limit 
lying between the Ka and 8 lines; such filters are 
generally provided by elements of atomic number 
one or two lower than that of the target. The Kg 
lines, lying immediately adjacent to the critical 
absorption limit on the short wave-length side, 
are strongly absorbed, whereas the Ka lines, lying 
on the long wave-length side, are transmitted 
much more readily. Since in the unfiltered beam 
the K@ lines are appreciably weaker than the Ka 
lines, the intensity of the unwanted lines may be 
reduced to a few percent, by the use of a suitably 
thin filter, without greatly reducing the intensity 
of the Ka lines. Undesirable parts of the continu- 
ous spectrum may be reduced in intensity at the 
same time. 


INTENSITY MEASUREMENTS 


When the absorber is a gas, ions will be formed, 
some of which under an electric field may be 
drawn to collector plates, giving a measure of the 
power diverted in the form of an ionization 
current. Apparatus for making such measure- 
ments, known as ionization chambers, will indi- 
cate the intensities of x-ray beams entering them 
when the wave-length is constant, or if the 
volume of the gas is sufficient to divert practically 
all of the power, provided the electrical field 
removes the ions before recombination occurs. 
The practical unit of quantity of x-rays, known 
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as the roentgen, is defined as that which produces 
one electrostatic unit of ions in one cubic 
centimeter of dry air at normal temperature and 
pressure, wall effects of the chamber being 
avoided. The corresponding unit of intensity is 
one roentgen per second. While the roentgen is 
not an absolute unit of energy since it is not 
independent of wave-length, it does provide a 
convenient and satisfactory unit for many medical 
purposes. 


Secondary Radiations and Other Wave 
Properties of X-Rays 


The radiations emitted by an absorber are 
called secondary radiations. These include the 
unmodified and modified scattered radiations, 
continuous and characteristic fluorescence radi- 
ations, and photoelectrons.” 

Under suitable experimental conditions, the 
primary x-ray beam may be shown to be partially 
polarized, and secondary radiation to be com- 
pletely polarized. For some time, experimental 
techniques have been so developed that it is 
possible to obtain records of diffractions by 
crystal lattices, slits, wires and gratings com- 
parable in quality to optical spectra. Fresnel 
interference patterns have even been obtained. 
Further, it has been well demonstrated that 
x-rays have an index of refraction differing 
slightly but definitely from unity, by methods 
analogous to those of optics.* 


High Voltage Circuits 


The high voltages required for the production 
of x-rays are generally obtained from oil im- 
mersed transformers, the secondary voltage being 
controlled by taps on the primary or by auxiliary 
autotransformers. An x-ray tube itself may 
operate as a so-called half-wave rectifier. When 
high currents are used, however, it is desirable to 
rectify the voltage by valve tubes, one to four 
such tubes often being employed. Condensers are 
sometimes added to improve the efficiency of 
operation ; circuits of the “‘voltage boosting”’ or 
Villard, and of the constant potential or Dessauer 
types, are frequently used. Descriptions of such 
circuits are available in several sources.’ In 
addition, belt type electrostatic generators,’ and 
tuned circuits, in which the x-ray tube is an 
integral part of the generator,® are in use. 
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The high voltage transformer is immersed in 
oil in a grounded metal tank, and in recent 
practice, the valve tubes and condensers are in- 
cluded in the same or similar tanks. The x-ray 
tube also is conventionally mounted in a lead- 
covered and oil-filled metal case, provided with 
an x-ray portal. The high voltage connections are 
made by flexible cables with grounded metallic 
webbing. This practice eliminates all exposed 
high tension connections. 


Design and Manufacture of X-Ray and 
Valve Tubes 


Tyres oF TUBES 


There are three fundamental requirements for 
the design of x-ray tubes: (1) The x-ray tube 
must be sufficiently long and of such material 
that electrical breakdown does not occur in the 
medium in which the tube is operated; (2) it 
must be possible to maintain a sufficiently high 
vacuum so that gaseous discharge does not occur 
inside the tube when hot cathodes are used; 
(3) the size and shape of the focal spot and anode 
stem must be such that heat is removed suffi- 
ciently rapidly to prevent the target from melting 
or evaporating during operation. Most modern 
x-ray tubes are fundamentally similar in the 
broad features of their designs. They may be 
classified according to whether they are to be 
used for (1) sustained operation ; (2) instantane- 
ous operation at moderate current; or (3) instan- 
taneous operation at very high current. 


CONSTRUCTION 


Modern x-ray tubes are conventionally made 
from cylinders or pre-shaped tubes of strong, heat 
resistant glass, containing only metals of low 
atomic number. The portion of the tube through 
which the useful x-ray beam passes may be 
ground or blown to a pre-determined thickness to 
reduce x-ray absorption. During operation, elec- 
trons may reach the glass walls of an x-ray tube, 
either by diversion from the electron stream, or 
as secondary electrons from the anode, resulting 
in charge accumulation on the walls. Conse- 
quently, in order to avoid electrical breakdown, 
the diameter of the tube must be increased in the 
central portion. As an alternative, the central 
portion of the tube may be made of metal, which 
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Fic. 4. Sealing the anode of a rotating anode tube. 
Courtesy Machlett Laboratories. 


is held at ground potential; some tubes of 
European manufacture employ this construction. 

A tungsten button is used as a target in most 
x-ray tubes, except those intended for x-ray 
diffraction analysis and special research purposes. 
This metal is chosen because it has a high atomic 
number and a good x-ray yield, because it has 
high melting and vaporization points, and _ be- 
cause it has a reasonably good heat conductivity. 
The anode stem is made of a bar of high purity 
copper in order to obtain good heat conductivity. 

Filaments are generally made of pure tungsten ; 
oxide-coated filaments are unsatisfactory under 
the electrical fields used. The amount of energy 
which may be dissipated at the focal spot 
depends, of course, upon the focal area, and the 
projection of the focal spot normal to the axis of 
the tube should be small in order to reduce the 
penumbra effects in radiography. The band or 
line focus design is adopted to increase the 
effective heat dissipation. By winding the fila- 
ment into a helix, and accurately locating it in a 
flat cathode containing a rectangular slot, the 
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electron beam is made to have a rectangular 
cross section. The target face is then inclined at a 
sufficiently steep angle to produce a square pro- 


Fic. 5. 400-kv industrial x-ray tube. Courtesy General 
Electric X-Ray Corporation. 


jection of the focal spot in the direction perpen- 
dicular to the electron stream. Adequate x-ray 
fields are obtained when this angle is 20° and 
then the true length of the focal spot on the 
target is about three times its width. With 
modern practice, the size of the focal spot can be 
controlled very precisely. 
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Tube Manufacture 
ELEMENTS 


In making the anode, the tungsten button is 
first carefully cleaned, and is then securely placed 
in a graphite crucible. A bar of OFHC copper is 
melted onto it in vacuum or in a suitable gaseous 
atmosphere either by induction or radiation 
heating. For many years the anode seal has been 
made by joining a feathered edge prepared on the 
copper with the glass. An alternative practice is 
to use chrome-iron and lime glass, which avoids 
the feather edge. More recently, however, alloys 
known as Kovar or Fernico have been used for 
this purpose; the temperature variation of the 
coefficient of expansion of these alloys very 
closely follows that of the glass used in the x-ray 
tubes, permitting thick and sturdy glass-to-metal 
seals. 

The cathode assembly is mounted on a metal 
tube which is either clamped or sealed to a glass 
stem. The electrical connections from the fila- 


Fic. 6. 220-kv tubehead and tube. 


ment to the cathode base are made by wires 
passing through a glass press; these materials are 
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chosen so that the coefficient of expansion of the 
wires matches approximately that of the glass 
over a considerable temperature range. 


ASSEMBLY OF TUBES 


Before assembly, all metal parts of the tube are 
carefully cleaned by chemical means, and out- 
gassed by vacuum treating. Glass stems and 
flares are attached to the anode and cathode, 
following which further cleaning is employed 
when required. The stems or flares are then 
sealed into the main glass tube on a glass- 
blowing lathe, see Fig. 4. 


EXHAUST 


The tubes are exhausted by conventional 
mercury or oil diffusion pumps. During the 
pumping, the entire tube is heated to a tempera- 
ture higher than that expected in normal opera- 
tion, by a cycle of baking, induction heating, 
and high voltage operation. So-called metallic 
“getters,” similar to those used in other vacuum 
tubes, may be employed provided the metal is 
not permitted to reach the inside of the main 


bulb. 


Types of X-Ray Tubes 
TUBES FOR SUSTAINED LOADs 


X-ray tubes operated at sustained loads are 
generally cooled by passing insulating oil down 
the anode to immediately in back of the target, 
and out to a heat exchanger. The maximum 
power at which such tubes may be operated 
depends upon the efficiency of the heat transfer 
to the cooling fluid, the boiling or breakdown 
point of the fluid, the area of the hollow anode, 
and the melting point of copper, rather than upon 
the melting point of tungsten. With projected 
focal spots of about 1 sq. cm, sustained loads of 4 
kilowatts are permissible. A tube for sustained 
operation at 400-kv peak is shown in Fig. 5. In 
this design, the focal spot is at the base of 
cylindrical copper well on the anode, which 
reduces the number of electrons reaching the 
glass walls; the useful x-ray beam is emitted 
through a window on the hollow anode stem. A 
220-kv open-anode tube is shown in Fig. 6. 
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Fic. 7. Rotating anode tube. Courtesy Machlett Laboratories. 


TUBES FOR MObDERATE INSTANTANEOUS LOADS 


In x-ray tubes for instantaneous operation at 
moderate currents, the heat generated is momen- 
tarily stored in the tungsten button and the head 
of the anode. This heat is removed by conduction 
down a solid copper stem, and is exchanged with 
the surrounding medium by convection. In the 
case of operation in air, a radiator with fins is 
employed. The instantaneous loads which can be 
applied are proportional to the focal spot area, 
and depend upon the heat conductivity and heat 
capacity of the tungsten, and are limited by the 
melting point of the tungsten. Such tubes, 
naturally, may be used for sustained operation at 
low loads, but such loads are limited to the order 
of one percent of the maximum instantaneous 
loads. Certam tubes of this type are provided 
with coils carrying water to cool the insulating 
oil, which permit some increase in the maximum 
allowable sustained load. 


TuBeEs FOR HiGH INSTANTANEOUS LOADS 


In certain medical applications, it is desirable 
to use very high instantaneous loads with a focal 
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spot as small as possible. This is accomplished by 
rotating the target under the electron beam, thus 
spreading the heat rapidly over a large area while 
confining the source of x-rays to a small area. The 
target is a disk of tungsten with beveled edges, 
attached by means of a shaft to the rotor of an 
induction motor, all of which is inside the glass 
envelope, see Fig. 7; the stator is mounted 
externally. Heat is removed from the target of a 
rotating anode tube by radiation. The maximum 
load permissible depends upon the speed and the 
diameter of thé target, the heat capacity and 
heat conductivity of the tungsten, and is finally 
limited by the melting point of the tungsten. 


MIULTISECTION TUBES 


X-ray tubes with alternate sections of metal 
and insulating material are used for extremely) 
high voltage operation. The metal sections serve 
to distribute the voltage along the tube in uni- 
form steps, thus keeping the fields which may 
cause cold emission down to the voltage across 
each step rather than the entire voltage across 
the whole tube. The metal sections are designed 
to have a focusing effect on the electron stream. 


DIFFRACTION TUBES 


Permanently evacuated tubes for x-ray diffrac- 
tion analysis are fundamentally similar in design 
to other x-ray tubes intended for sustained 
operation. The target face is often perpendicular 
to the electron stream so that the radiation may 
be used in two or more directions around the axis 
of the tube. The target may be grounded, thus 
permitting water cooling; where this is not 
possible, forced air cooling has been used. 

The essential difficulty involved in the design 
of permanently evacuated diffraction tubes is 
that of passing the relatively long wave-length 
characteristic x-rays from low atomic number 
elements through the glass walls. One type of 
tube which has been used for many years has a 
molybdenum target, the characteristic radiation 
of which passes through the glass walls in suffi- 
cient quantity for practical applications. Some 
tubes of European manufacture have Lindemann 
glass windows, which allow the use of such 
targets as chromium, iron or copper. 
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The advantages of easy interchange of tar- 
gets and thin aluminum windows afforded by 
demountable diffraction tubes may well offset 
the difficulties of continuously pumping them. A 
considerable number of different types of such 
tubes have been designed by x-ray diffraction 
workers.® Generally, these consist of a water- 


Fic. 8. Gas-type demountable diffraction tube. Courtesy 
The Baird Associates. 


cooled discharge chamber, with one or more 
windows of aluminum foil, to which is attached 
the target and a glass cylinder to support the 
cathode, the joints being made by wax or gaskets 
of lead or rubber. Since diffraction cameras may 
be placed in contact with the discharge chamber, 
the useful intensity is high. 

Some of these demountable tubes are operated 
as gas-type tubes; see Fig. 8. Steady operation of 
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these tubes is achieved by pumping gas from 
them into a reservoir, from which it is allowed 
to leak slowly back into the tube. 

Demountable x-ray diffraction tubes are also 
operated quite successfully as hot cathode-type 
tubes, and differ from the gas-type tubes pri- 
marily in the addition of a filament. In order to 
prolong the life of the filament in such tubes, it is 
generally necessary to use a refrigerating trap in 
the high vacuum system, and to pay particular 
attention to the removal of absorbed gases from 
the glass walls and metal parts. 

VALVE TUBES 

Valve tubes are designed to operate with their 
filaments at such a temperature so that the 
voltage drop across the tube is small when 
current is passed. The construction of valve tube 
rectifiers is similar to x-ray tubes, except that a 
heavy anode is not required because the heat 
dissipation there is not large. In certain types of 
construction, the filament may be placed inside 
the anode, and the anode may be made of a spun 
cup of Kovar or Fernico which closes the end of 
the glass tube. 
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X-Ray Diffraction Methods 


To learn more about the identification of crystalline materials, preferred orientations, 
particle sizes, strains, and structure randomness, x-ray diffraction is used. Here both 
basic principles and working techniques are described. 


By B. E. WARREN 


George Eastman Laboratory of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 


I. Introduction 


HE x-ray diffraction method is capable of 

supplying a wide variety of information 
about the fine scale structure of matter. The 
electron distribution in the atoms, the arrange- 
ment of the atoms in a crystalline structure, 
inter-atomic distances, bond angles, and the 
magnitude of thermal vibrations are all matters 
of the greatest interest in theories of the structure 
of matter. The identification of crystalline ma- 
terials, the determination of preferred orienta- 
tion, the measurement of particle size, the study 
of strain, the study of randomness in structure, 
and the mapping out of phase equilibrium dia- 
grams are a few examples of x-ray diffraction 
problems which are of great practical importance. 
The application of x-ray diffraction methods to 
the study of solid solution and phase equilibrium 
diagrams is treated in the accompanying article 
by C. S. Barrett. 

The Laue type pattern which requires a range 
of wave-lengths is generally made with the con- 
tinuous spectrum of a tungsten target tube. 
Diffraction patterns requiring monochromatic 
radiation are usually made with the Kaya 
doublet, the beam being made sufficiently mono- 
chromatic by suitable filtering. The radiations 
which are used extensively for diffraction work 
are the Ka doublets of Mo A=0.710A, Cu 
\=1.539A, and Fe \=1.933A. 


Hl. Theory of Diffraction in Crystals 

An ideal crystal is a structure in which a 
certain group of atoms or molecules is repeated 
identically at regular intervals in three dimen- 
sions. For the two-dimensional analog shown 
in Fig. 1 the scheme of repetition is defined by 
the two translation vectors a; and a», and the 
position of an atom in the unit cell by the basis 
vector r,. In general the position of any atom of 
type ”, in the unit cell mynems, is given by the 


vector 
R" mimom3 + + 1383 +4 ( 1 ) 


The intensity of unmodified radiation scattered 


by a single atom at an angle 26 is given by 


£1+ cos* 20 
I,=f2— ( ). (2) 
R? 2 


where f, is the atomic scattering factor, and the 
remainder of the expression represents the in- 
tensity of scattering of a single electron according 
to classical theory. Consider a primary beam of 
wave-length \ and direction defined by a unit 
vector So, falling upon a small crystal of dimen- 
sions Noas, and Nsa3. The intensity of 
scattered radiation in a direction defined by a 


unit vector s is given by 


m?ctR? 2 
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Inserting (1) into (3) 


sin® —(S—S»o): Nya, Nea. sin? —(S—S»)- 
Toe’ s1+cos* 26 d 
= ( )r ‘ (4) 
sin® (S—S»)- ay, sin® (S—S»)- as sin® —(S—Sp»)- as 


x, y, 2 by the relation 


(5) 
The three sine quotients in (4) rise sharply to 
large values as their denominators approach zero. 
The intensity of scattered radiation will therefore 
rise to a sharp maximum when the three follow- 
ing conditions are simultaneously satisfied. 


(0) 


The three Eqs. (6) are known as the three Laue 
equations, and together they are equivalent to 
the familiar Bragg law n\ = 2d sin 6. The quanti- 
ties h k 1, which appear in the Laue equations as 
any three integers, are also the three Miller 
indices which are used in the representation of 
crystallographic planes. 

It is important to notice that the direction of a 
diffracted beam s is completely determined by 
I-qs. (6) which involve no property of the crystal 
other than the three translation axes a,a.a3. The 
intensity of a diffraction maximum as given by 
(4) depends upon F* which involves the coordi- 
nates of the atoms in the unit cell. Two important 
conclusions can be drawn. From the geometry of 
an x-ray diffraction pattern only the translation 
axes can be determined. To find the arrangement 
of the atoms in the unit cell, it is necessary to 
make use of the intensities of the various dif- 
fracted beams. The fact that a simple structure 
such as that of copper can be completely deter- 
mined from the geometry of a powder pattern 
might seem to contradict the above conclusions. 
Actually there is no contradiction, since the true 
unit cell of copper contains only one atom, and 


376 


where the structure factor F is expressed in terms of the three fractional coordinates of an atom 


the whole structure is therefore determined by 
the translation axes alone. 


Il. Laue Method 


The Laue method uses a continuous range of 
wave-lengths, in general the continuous spectrum 
from a tungsten target tube operated at about 
50 kv. A collimated pencil of radiation falls upon 
a single crystal, and the diffracted beams are 
recorded on a photographic film. A set of planes 
will diffract if the glancing angle @ with the 
primary beam is such that the wave-length \ 
required by the Bragg law is contained in the 
primary beam. Each diffracting plane selects the 


hic. 1. Schematic two-dimensional representation of a 
crystal. 


proper wave-lengths, and in this sense a Laue 
pattern is colored. 
Laue in two 


patterns are taken by 


transmission and by back reflection. The trans- 


ways; 


mission Laue pattern is made with a crystal slip 
cut thin enough to allow optimum transmission 
of the beam, and the pattern 
recorded on a photographic film placed behind 


diffraction is 
the crystal slip, usually at a distance of 5 cm. 
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Figure 2 is a transmission Laue pattern of 
quartz, the x-ray beam passing through the slip 
in the direction of the trigonal or ¢ axis. From 
such a pattern one can determine the symmetry 
of the crystal, the axial ratio, and the orientation 
of the crystal. Information concerning reflecting 
and missing planes, which is of great importance 
in a structure determination, can also be ob- 
tained. In the early days of structure determina- 
tion the transmission Laue pattern was used 
extensively, but the method is today largely 
superseded by the more convenient rotating 
crystal method. 

The Laue method is used today almost ex- 
clusively for back reflection patterns to deter- 
mine crystal orientation. The experimental ar- 
rangement is shown schematically in Fig. 3. 
A back reflection Laue pattern of a single crystal 
ingot of tungsten is shown in Fig. 4. The great 
advantage to the back reflection Laue pattern in 
determining orientation is found in the fact that 
the symmetry of the pattern stands out well 
enough to be easily recognized. In Fig. 4, the 
spot marked by a square can be recognized as 


Fic. 2. Transmission Laue pattern of quartz, x-ray beam 
parallel to the ¢ axis. 


having fourfold symmetry in spite of the dis- 
tortion. This spot is due to high order reflections 
from (002), and the [ 001 | direction in the crystal 
is given directly as the bisector of the angle 
between the primary beam and a line from the 
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Fic. 3. Experimental arrangement for back-reflection 
Laue patterns. 


Fic. 4. Back-reflection Laue pattern of a single crystal 
ingot of tungsten. The x-ray beam is at 21° to the cube 
axis. 


crystal to the marked point. In this pattern the 
x-ray beam is at an angle of about 21° with the 
[001] direction of the crystal. The method of 
interpretation developed by Greninger,' allows 
the orientation of a cubic crystal to be deter- 
mined in a few minutes from a back reflection 
pattern. It is of course a great advantage to be 
able to get a diffraction pattern without needing 
to cut or mutilate the sample, and to avoid the 
necessity for a very thin slip when working with 
highly absorbing materials. 


IV. Rotating Crystal Method 


Most of the crystal structure determinations 
are done today with the rotating crystal method, 
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Fic. 5. Relation between primary beam, axis of rotation, 
and diffraction cones in the rotation method. 


Fic. 6. Rotation pattern of a quartz crystal, rotated about 
the ¢ axis, \=1.539A. 


shown schematically in Fig. 5. A small single 
crystal is mounted in such a way that it can be 
1otated about one of the crystallographic axes, 
say as. The primary beam is a collimated pencil 
of monochromatic radiation, perpendicular to the 
axis of rotation. From the third Laue equation 
(6), since So-a;=0, it follows that 


|a3| =/X/sin (7) 


All reflections with the same index / will make 
the same angle of latitude 8; with the equatorial 
plane, forming the elements of a cone. For each 
value of J: 0, 1, 2, etc., there is a corresponding 
cone. Only certain elements of each cone are 
allowed by the other two Laue equations. The 
intersections of the cones with a cylindrical film 
give a series of horizontal lines on the unrolled 
film. These lines are usually called ‘layer lines.”’ 
Figure 6 shows the rotation pattern of a small 
quartz crystal rotated about the trigonal or c 
axis. By measuring the distances between the 
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equator and various layer lines the angles 8; are 
readily computed, and from Eq. (7) the length 
of the axis is obtained directly. This is one of the 
great advantages to the rotation method; the 
lengths of the translation axes are obtained 
directly from a few measurements of layer line 
separations. The indexing of the reflections is 
helped by the fact that one index (in this case /) 
is determined by the number of the layer line. 
Even more powerful are a number of modifica- 
tions of the rotation method which involve a 
moving film. In the Weissenberg modification, 
the crystal is surrounded by a sleeve having a 
slot which is set so as to pass only one layer line. 
During the exposure the film translates back and 


‘forth parallel to the axis of rotation, coupled to 


the oscillating crystal. The pattern of the single 
layer line is spread out into two dimensions, the 
extra dimension giving the orientation of the 


Fic. 7. Oscillation pattern of a wet hemoglobin crystal 
(Bernal, Fankuchen and Perutz). 


crystal at the time of reflection. Most of the x-ray 
diffraction studies being made today on complex 
biological materials are made with rotation or 
oscillation patterns. Figure 7 shows a 5° oscilla- 
tion pattern of the complex crystal hemoglobin. 
Patterns such as Fig. 7 supply the experimental 
data for the attempts which are now being made 
to work out the structures of complex biological 
materials such as the proteins. 

The diffraction pattern of an aluminum wire is 
shown in Fig. 8. The x-ray beam is perpendicular 
to the axis of the wire, which is vertical in the 
figure. The uniform rings of the normal powder 
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pattern are concentrated into a few intense seg- 
ments. The arrangement of these segments in a 
series of layer lines is indicated by the horizontal 
lines. Although the aluminum wire was station- 
ary during the exposure, the pattern is evidently 
a typical layer line rotation pattern. From the 
layer line separations the length of the identity 
period along the wire axis is calculated with 
kq. (7) to be a’ =7.00A. This value is just av3, 
where a is the edge of the unit cube. The process 
of drawing the wire has therefore orientated the 
individual grains so that the [111] directions 
(cube diagonals) are lined up parallel to the axis 
of the wire, but around this axis the orientation 


Fic. 8. Diffraction pattern of an aluminum wire, axis of 
wire vertical, \=1.539A, 


is random. In a tungsten wire the x-ray patterns 
indicate that the drawing process lines up the 
grains with the face diagonals of the cube [110] 
parallel to the axis of the wire. 

Figure 9 shows the x-ray diffraction pattern of 
a bundle of chrysotile asbestos fibers, the fiber 
axis being vertical and perpendicular to the x-ray 


Fic. 9. Diffraction pattern of a bundle of chrysotile 
asbestos fibers, radiation MoKa monochromated by reflec- 
tion from rocksalt (J. Biscoe). 


beam. The pattern is evidently a typical layer 
line rotation pattern. In these fibers all the 
material is oriented with the ‘‘c’’ axis parallel to 
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the fiber direction, but random around the fiber 
axis. A small bundle of stationary fibers gives 
the equivalent of a single crystal rotated about 
the fiber axis. 

Unstretched rubber is an amorphous material 
which becomes crystalline upon stretching. Fig. 
10 shows the typical layer line pattern of the 
crystalline material superposed upon the residual 


Fic. 10. Diffraction pattern of stretched rubber, radia- 
tion CuKe monochromated by reflection from rocksalt 


(H. Morss, Jr.). 


amorphous pattern. In the stretching process the 
long (C;Hs), chains are straightened out and 
lined up in an orderly fashion. The distance of 
repetition along the chain is computed from the 
layer line separation to be®* 6=8.15A. This 
length of chain corresponds to a repeating unit 


3) 2. 
V. The Powder Method 


In the powder method a collimated pencil of 
monochromatic radiation falls upon a_ small 
sample containing an enormous number of small 
crystals with completely random orientation. 
The sample might be a material which is in the 
form of fine particles, or a large grained crystal- 
line material ground to a fine powder, or a piece 
of polygrained metal. Diffraction takes place 
from a given set of planes in any crystal, so 
oriented that the set of planes makes the correct 
angle with the primary beam, to satisfy the 
Bragg law. The satisfying of the Bragg law is of 
course unaffected by rotating the crystal around 
the direction of the primary beam. Since the 
sample contains crystals with all possible orienta- 
tions, for each set of planes with spacing dx, 
there will be a set of diffracted beams forming 
the elements of a cone of half apex angle 24)... 
The intersection of these cones with a cylindrical 
film gives the usual powder pattern. Except for 
crystals of high symmetry, it is difficult to work 
out a crystalline structure from a powder pat- 
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Fic. 11. Powder patterns (a) quartz (b) cristobalite. \=1.539A. 


tern. Nevertheless in applied problems the 
powder pattern finds more use than any other 
kind, because it can be used for many purposes, 
such as identification and grain size studies. 
Furthermore, many materials of industrial im- 
portance can be obtained only in the fine grained 
form, and only powder patterns are obtainable. 

The patterns of quartz and cristobalite shown 
in Fig. 11 are typical powder patterns. Here the 
chemical composition is in both cases the same, 
SiOz, but the materials represent two different 
crystalline modifications. The particular modifi- 
cation in which a material is present can usually 
be decided in a very simple way from the x-ray 
powder pattern. As a practical example, when 
vitreous silica is devitrified by heat treatment, 
the resulting product gives the cristobalite pat- 
tern of Fig. ilb. 

Another interesting comparison is afforded by 
the two powder patterns shown in Fig. 12. One 
was made from the powder obtained by grinding 
a piece of a large clear calcite crystal, while the 
other was made from a fine chalk whiting. The 
crystalline structures are evidently identical, the 
chalk whiting is a form of CaCO; having the 
calcite structure, but existing in the form of very 
fine grains. 


VI. Identification 


X-ray powder patterns are coming into general 
use as a means for identification. With this tool 
it is primarily a crystalline structure which is 
identified rather than a chemical composition or 
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a component atom. For ex- 
ample, the quartz powder 
pattern would identify a 
(a) material not only as having 
essentially the composition 
SiO., but in addition as 
being silica in the quartz 
form rather than as cristo- 
balite, tridymite, or vitre- 
ous silica. In general, no 
(b) attempt is made to work 
out the pattern, it is used 
only as a finger print, and 
the identification is accom- 
plished by matching it with 
the powder pattern of a 
known material. When it 
is merely a matter of deciding between a few 
possibilities, it is, of course, feasible to make 
patterns of the corresponding standards, and 
compare these with the pattern of the unknown. 
To be effective as a method for routine identifi- 
cation it is obviously necessary to avoid the 
making up in each laboratory of large numbers 
of standard comparison patterns. Since a powder 
pattern can be completely specified by the 
spacing values d and the intensities of all the 
lines, the obvious step is to make up tables of 
the spacing values and intensities of the most 
important lines for the patterns of various 
materials. Once made up and published, these 
tables can then be used in all laboratories. 
A noteworthy start on this job has been made by 
Hanawalt of the Dow Chemical Company. 
Spacing values and relative intensities have been 
tabulated and published‘ for the powder pat- 
terns of 1000 common crystalline materials. It is 
to be hoped that this work can be carried on, 
and that the proposed reference index listing the 
three strongest lines of each substance arranged 
in order of spacing can be made available. 
X-ray identification of industrial materials by 
powder patterns is already being used extensively 
in the chemical, ceramic, and metallurgical 
industries. 


Vl. Particle Size Determination 


For extremely small crystalline particles the 
powder pattern lines broaden. The effect be- 
comes readily observable for crystals less than 
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500A in size, and for 
this range, line breadth 
measurementsgivea very 
important method for 
particle size determina- 
tion. What is measured 
is, of course, the aver- 
age size of the individ- 
ual crystalline particles, 
rather than the size of 
the blocks or clusters 
which would be seen by 
the electron microscope. 
The effect is well illus- 
trated by the powder 
patterns of MgO shown 
in Fig. 13. The samples 
of MgO were obtained by decomposition of 
MgCQO,s at various temperatures. In order of de- 
creasing line breadth the average particle sizes 
are 42, 90, 142, and 225A. 

Equations relating the particle size to the 
measured breadth of the line have been derived 
by Scherrer, von Laue, and Bragg. They all take 
approximately the form 


cos 6, (8) 


where L is the average effective dimension in a 
direction perpendicular to the reflecting planes, 
and B is the breadth in radians at half-maximum 
intensity due to particle size broadening. The 
major problem involves correcting for broadening 
due to other causes such as: divergence of the 
primary beam, size of sample, absorption, 
broadening due to the unresolved a,a2 doublet, 
wave-length width of a line, etc. In general the 
shape of a line can be approximated by an error 
curve, and in this case 


(9) 


where By is the measured breadth, B,, the 
breadth due to particle size, and By the breadth 
due to all other causes. There are various ways 
to handle the correction for Bo. If Byo<iBy it 
can be neglected. A simple scheme which is often 
used involves mixing with a standard substance 
whose particle size is known to be large. Com- 
paring a line of the unknown with a nearby line 
of the standard, the breadth of the standard 
can be taken as By for the unknown. 
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Fic. 12. Powder patterns (a) ground calcite crystal (b) chalk whiting \=1.539A. 


For larger size particles, B,, becomes so small 
that it is better to eliminate the corrections than 
to try to make them. The best way of doing this 
is to use the symmetrical back-reflection focusing 
camera shown in Fig. 14. The entrance slit, the 
film, and a layer of the powder sample are all on 
the same circle. Due to the focusing property of 
the circle, diverging radiation from the slit, 
falling anywhere on the sample is focused to the 
same line on the film. Broadening due to di- 
vergence of beam and size of sample are elimi- 
nated. If the particles are large enough to resolve 
the a doublet, the measurements are made on the 
a; component. With a very fine slit, the limiting 
factor is here the natural wave-length width of 
the Ka, line. Figure 15 shows a back-reflection 
focusing pattern of quartz. The pairs of lines 
nearest the center, with the outer line stronger 
than the inner, are the a;a2 doublet completely 
resolved. The breadth of the lines on this pattern 
is largely due to the natural wave-length width. 
The average particle size calculates to be 1700A, 
but this is so close to the upper limit for the x-ray 
method that the result is not very accurate. 


VIL. Randomness in Structure 


In recent years there has been considerable 
interest in the question of randomness in struc- 
tures. The classic example is 8 brass CuZn, 
which at low temperatures has an ordered CsCl 
structure, while at high temperatures the Cu 
and Zn are randomly arranged at the points of a 
body-centered cubic lattice. This is a randomness 
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Fic. 13. Powder patterns of MgO made by decomposing MgCQOs; at tempera- 
tures 450, 550, 650, and 800°C. In order of decreasing line widths the average 


particle sizes are 42, 90, 142, and 225A. \=1.539A. 


in the distribution of atoms among a definite set 
of fixed positions. Another kind of randomness is 
observed in layer type structures where there is 
more than one way in which the successive layers 
can pack together.® 

An interesting example of randomness is found 
in certain carbon blacks. The structure consists 
of single graphite layers stacked together parallel 
and equidistant; but each layer is random with 
respect to its neighbors; in regard to translations 
parallel to the layer, and rotation about the layer 
normal. Figure 16 shows the diffraction pattern 
of a commercial carbon black, and of the same 
material heat-treated. The pattern of the heat- 
treated black comprises two kinds of reflections ; 
_(00/) crystalline reflections, and (hk) two-dimen- 
sional lattice reflections. The randomness in 
structure forbids any general reflections of type 
(hkl). The two-dimensional lattice reflections are 
readily distinguished from the three-dimensional 
reflections by the fact that the intensity rises 
sharply to a maximum and then falls off slowly 
toward increasing angle. In the heat-treated 
sample shown in Fig. 16, the structure blocks 
have an average dimension of 60A in the plane 
of the layer and 35A perpendicular to the layer. 
The latter dimension corresponds to the random 
piling together of about 10 graphite layers. In 
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the unheated black, the 
structure is the same ex- 
cept that the dimensions 
are considerably smaller. 

A very similar type of 
diffuseness is clearly shown 
in the pattern of chrysotile 
asbestos (Fig. 9). Certain 
reflections rise sharply to 
maxima, and then fall off 
slowly along the layer line 
toward larger angles. 


IX. General Remarks 

In this paper the discus- 
has been limited to 
x-ray diffraction in crystal- 
line materials. A great deal 
of information about struc- 
ture and interatomic dis- 
tances can also be obtained 
by application of x-ray dif- 
fraction methods to liquids and amorphous solids, 
such as glass. This subject has been omitted, since 
it has already been reviewed in this journal.® 

The use of x-ray diffraction today is probably 
about equally divided between academic work 
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Fic. 14. Schematic symmetrical back-reflection 
focusing camera. 


Fic. 15. 
focusing camera. CuKajaz. The crystalline particles are 
large enough so that the aa: doublet is completely 
resolved. 


Powder pattern of quartz in back-reflection 
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Fic. 16. Powder patterns of (a) commercial carbon black, (b) heat-treated carbon 
black. \=1.539A monochromated by reflection from rocksalt (J. Biscoe). 


such as structure determination, and applications 
of x-ray diffraction as an industrial tool. The 
future trend will probably be toward more 
widespread use of x-ray diffraction as a general 
tool. 

A troublesome transition period is coming in 
the near future, when x-ray diffraction people 
will want to change over from the arbitrary 
scale of dimensions which they have been using. 
All erystal dimensions determined by x-ray 
diffraction studies are determined in terms of the 
Siegbahn wave-lengths of x-ray spectra. It is 
now well established that the x-unit, in which 
the wave-lengths are expressed, differs from 10~"! 
cm by about 0.2 percent. This means that for 
all crystal dimensions tabulated in A_ units, 
either there is an error of 0.2 percent, or the A 


unit is not 10-8 cm.* For 
rough work the differ- 
ence is of course of no 
‘® importance, but the 
present trend is toward 
higher precision in lat- 
tice constant determi- 
nations. Eventually we 
will certainly wish to 
change over to a cor- 
(b) rect absolute scale, and 
the longer we put it 
off the more tabulated 
values there will be to 
change. Even today we 
have the curious neces- 
sity of using with crys- 
tal dimensions the old value of the Avogadro 
number to calculate a density. In one of the 
accompanying articles Bearden has concluded 
that absolute x-ray wave-lengths are obtained 
from the values given on the Siegbahn scale by 
multiplying by a factor 1.00203. Correct crystal 
dimensions on an absolute 10-§ cm scale are 
therefore obtained by multiplying by 1.00203 the 
present tabulated values. To minimize the con- 
fusion which such a change might cause, it is 
suggested that the abbreviation AA, standing for 
absolute angstrom, could be used. It would then 
be understood that a crystal dimension labeled A 
would be on the present Siegbahn scale, and one 
labeled AA would be in absolute 10~* cm units. 


* Strictly speaking, it should, of course, be stated that 
the dimensions are in error by 0.2 percent since the A 
unit is defined as 10™* cm. 
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Demountable x-ray tube with cameras in place. Left front: Precision back reflection camera. Right front: Debye 
camera. In the rear: Laue camera. (Courtesy of Aluminum Company of America Research Laboratory.) 
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Determination of Constitution Diagrams with X-Rays 


Constitution diagrams give in a small amount of space a great deal of information- 

the solid solutions and components present in an alloy—the ranges of temperature 
and compositions over which they are stable—information of very practical value to 
the metallurgist. The part played by x-rays in ferreting out this information is de- 


scribed herein. 


By CHARLES 


S. BARRETT 


Metals Research Laboratory and Department of Metallurgy, Carnegie Institute of 
Technology, Pittsburgh, Pennsylvania 


HE variety of properties that are encoun- 
tered in different alloys and the variety of 
properties that may be induced in one alloy by 
different heat treatments make it almost essential 
to have a guide to each alloy system in the form 
of a constitution diagram which shows the 
various solid solutions and compounds that exist 
in the system, and the range of temperature and 
composition within which they are stable. The 
diagram guides the practical metallurgist in his 
melting and heat-treating and aids the research 
laboratories in selecting alloys for particular 
uses, or alloys that seem capable of improvement. 
X-ray diffraction has been of great value in the 
determination of the constitution of alloys. At 
the present time, only a small fraction of the 
great number of possible binary alloy systems 
and almost no systems with three or more com- 
ponent metals have been investigated with the 
care necessary to provide accurate phase dia- 
grams; most of the existing diagrams must be 
considered merely as approximations. Many of 
the errors and inconsistencies in these have re- 
sulted from the use of impure materials, some 
from a lack of appreciation of the faults of the 
methods used ‘in their determination, others 
from a failure to apply the most suitable methods, 
some from failure to regard the phase rule, and 
some, of course, from incomplete experimental 
work. These factors have been discussed at length 
in many publications, particularly in the metal- 
lurgical journals; but since the determination of 
phase diagrams is perennially with us, having 
added importance in connection with national 
defense, and is continually being undertaken by 
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investigators with little previous experience in 
the field, it may be useful to summarize again the 
fundamental principles involved. The principles 
apply to nonmetallic systems also, but these will 
not be separately considered here. Particular 
attention will be given in this review to diagrams 
involving three components, for which the x-ray 
methods are very effective but are not so widely 
understood. As the nature of the phases encoun- 
tered in alloy systems has been treated in many 
books, it will not be discussed here. 

A brief listing and discussion of the various 
methods employed in phase diagram work will 
aid in showing the x-ray method in a proper 
perspective. Thermal analysis (the use of heating 
and cooling curves) is particularly valuable for 
determining the beginning and ending of freezing. 
Dilatometric measurements are excellent for deter- 
mining the presence of transformations in the 
solid state. Wicroscopic observations of polished 
and etched sections are often sufficient to estab- 
lish all phases and transformations in the solid 
state, and are more widely used than electrical, 
magnetic, or other physical properties in deter- 
mining the boundaries of the single and multiple- 
phase regions on the diagram. X-ray diffraction is 
capable of determining not only the phases 
present in an alloy, but also the crystal structure 
of the phases. It excels the other methods in its 
ability to detect metastable and_ transitional 
states, and in being able to relate these to the 
phases preceding and following them in a trans- 
formation—permitting in some cases a detailed 
understanding of the mechanism of transforma- 
tion and of the strains accompanying it. A diffrac- 
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tion pattern of a multi-phase alloy can be made to 
yield, by comparison with alloys of known com- 
positions, the compositions of the individual 
phases present, since the spectra of each of the 
phases are superimposed in the diffraction pat- 
tern for the aggregate. : 

On the other side of the ledger we might sum- 
marize the principal limitations of these methods 
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Fic. 1. Constitution diagram for copper-zinc alloys. 
Compositions in weight percent (after National Metals 
Handbook). 


as follows. Thermal analysis is a poor method of 
studying sluggish reactions; the heat of reaction 
is evolved over such an extended period of time 
that it is difficult to detect or measure. This 
method is also likely to fail if the heat of reaction 
is small. Dilatometer measurements are some- 
times to be preferred to heating and cooling 
curves for studies of transformations in the solid 
state, but neither thermal nor dilatometric data 
are suitable for determining the range of com- 
position of single phase or multiphase regions in 
the solid state. Mechanical strength is a good 
method for determining the beginning of melting 
and is coming into wide use for this purpose, but 
otherwise the mechanical methods find little 
service in phase diagram work. The widely used 
microscopic method runs into difficulties when 
the grain size of a sample is too small, or when 


the products of a reaction are too finely dispersed. 


This is likely to occur with reactions in the solid 
state that take place at low temperatures. It 
depends upon room temperature observations 
and is consequently unable to disclose phases 
that are not retained by quenching. The micro- 
scopic method also fails in some instances for 
lack of a suitable etching reagent that will dis- 
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tinguish between the various phases present. 
Ingenious techniques have been employed in 
some cases to overcome these difficulties, but a 
discussion of these is not pertinent here. 

The x-ray method also has its limitations. It is 
capable of disclosing conditions in an alloy at 
elevated temperatures in two ways: (a) by 
quenching the alloy to room temperature and 
taking a diffraction pattern at that temperature, 
in which case it is limited, as is the microscopic 
method, to alloys in which the high temperature 
condition is adequately retained at room tem- 
perature by the quenching action, and (b) it may 
be applied at the elevated temperature, a pro- 
cedure requiring special cameras, temperature 
control equipment, and inert atmospheres for 
protecting the sample against oxidation. It is not 
possible to recognize extremely small quantities 


| j (a) 


| (b) 


Fic. 2. Powder diffraction patterns (from a cylindrical 
back-reflection camera) for an aluminum-silver alloy (a) in 
a single-phase state and (b) in a two-phase state after 
annealing to cause precipitation. 


of a second phase in a binary or multiple-phase 
alloy, and is usually inferior to the microscopic 
technique in this respect. This is not a serious 


Atomic percent 
Nickel Phases 


Fic. 2A. Powder diffraction patterns of alternate one- 
phase and two-phase regions in aluminum-rich aluminum- 
nickel alloys (cobalt Ka radiation). Modified print from a 
paper by A. J. Bradley and A. Taylor, Proc. Roy. Soc. 
A159, 56 (1937). 
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limitation in phase diagram work, however, as 
will be discussed later. 


Binary Diagrams 


The accepted manner of presenting data on 
the constitution of alloys is to plot a diagram on 
which single phase and multiphase regions are 
plotted against composition as abscissa and tem- 
perature as ordinate, as in Fig. 1. It will be re- 
membered that when such diagrams represent 
equilibrium in the alloys, they must be drawn 
in accord with the relations embodied in Gibb’s 
phase rule.! 

It follows that in an equilibrium diagram for 
binary alloys at atmospheric pressure, there will 
be regions of single and two-phase equilibria 
alternating with each other across the diagram 
at any constant temperature. If x-ray diffraction 
patterns are made of a series of alloys in such a 
system, the films will show single patterns with 
single-phase alloys, and two superimposed patterns 
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Fic. 3. The lever principle illustrated in the two-phase 
region of the copper-silver diagram. 


with two-phase alloys. Figures 2 and 2A are re- 
productions of typical powder diffraction patterns 
for one- and two-phase specimens. This principle 
alone could be used to establish the solid portion 
of the diagram in a rough fashion, but much 
labor is saved by using the “lever principle’ in 
the two-phase regions. Referring to Fig. 3, an 
alloy of composition P in equilibrium at a certain 
temperature in the two-phase region a+ 8 con- 
tains the a and 8 phases in the proportions given 
by the relative lengths of the lines Py and Px; 
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Fic. 4. Lattice constants and densities of silver-aluminum 
alloys, reference 3. 


i.e., amount of a: amount of B=Py: Px. The 
intensity of the diffraction pattern of a phase is 
proportional to the quantity of that 
present in the alloy (barring disturbing effects). 
It follows, therefore, that as the boundary of a 
two-phase region is approached, the diffraction 
pattern of the disappearing phase will steadily 
diminish in intensity ; the boundary can thus be 
located by extrapolation to the point of dis- 
appearance on a plot of intensity vs. composition. 
This has been called the disappearing phase 
method. 

The most precise location of the phase bound- 
aries by x-rays involves the use of lattice spacing 


phase 


measurements. Within a single phase region the 
lattice spacings (‘‘lattice parameters’’) usually 
follow a smooth curve when plotted against 
composition, and not infrequently vary linearly, 
as in Fig. 4. Variation with composition is to be 
expected whenever there is an appreciable range 
of composition within which there exist homo- 
geneous single-phase alloys, regardless of whether 
the single phase region is a solid solution at an 
extremity of the diagram or within the diagram 
and whether the solute atom replaces one of the 
solvent atoms to form a “substitutional solid 
solution,” or fits interstitially between the solvent 
atoms to form an “interstitial solid solution”’ or 
replaces more than one solvent atom to form a 
“defect lattice.”” Within a two-phase region of 
a binary diagram on the other hand, the lattice 
constants of each phase are invariant. The con- 


387 


110 
| 
| | 
~ | 
| 
<a, 
Ss. 
‘ 
00 - + 


stants of each phase are those corresponding to 
the compositions at the ends of the tie-line 
through the point representing the two-phase 
alloy.2 For example, in Fig. 3 the alloy P will 
yield the superimposed diffraction spectra of 
alloys « and y, which are at the ends of the tie- 
line through P. The lattice constant of the 
a-phase in this alloy will match some point on 
the lattice parameter curve for the single-phase 
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hic. 5. Constitution diagram of silver-rich silver-aluminum 
alloys determined with the aid of Fig. 4, reference 3. 


a-field (or an extrapolated portion of the curve), 
and the composition corresponding to the point 
of equal lattice constant will be the composition 
of the a-phase on the boundary of the a-field at 
the temperature chosen. To locate the entire 
curve giving the limit of solubility for the a- 
phase, it is merely necessary to homogenize 
alloys in the two-phase region at a series of 
temperatures, to determine the corresponding 
lattice constants after quenching, and to com- 
pare these with the curve for the solid solution. 
For example, in the silver aluminum system the 
‘data in Fig. 4 were first assembled, then the 
parameters were determined for alloys in the ad- 
joining two-phase field after quenching from the 
homogenizing temperature, and comparison of 
the quenched parameters with Fig. 4 gave the 
solubility limits of Fig. 5.* 
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It is well to review the difficulties that may be 
encountered with this standard method. The 
accuracy with which the solubility limits can be 
determined is directly proportional to the slope 
of the lattice parameter curve in the single-phase 
region; the method is unworkable when there is 
no variation in lattice dimensions with composi- 
tion, as, for example, in aluminum-rich aluminum 
silver alloys. Unless suitable precautions are 
taken, this parametric curve may be in error as 
a result of (1) improper removal of segregation 
in the sample, (2) oxidation, (3) sublimation, or 
(4) contamination by diffusion from adjoining 
solids or by reaction with vapors, (5) internal 
strains resulting from quenching, filing or grind- 
ing the samples, and (6) alteration of surface 
composition by the selective action of an etchant. 
The data from the two-phase region are subject 
to the same errors, especially those arising from 
the lack of equilibrium in the specimen. When 
the degree of supersaturation in a two-phase 
alloy is slight and the rate of diffusion is slow, 
it sometimes requires prohibitive annealing times 
to reach equilibrium; it is then advantageous to 
speed up the equilibration by cold working the 
alloy before the annealing treatment. In other 
cases reaction rates are so fast that it is difficult 
or impossible to retain the high temperature 
state by quenching. 

The devices used to minimize these difficulties 
are varied and must be altered to fit particular 
cases. A technique that gives excellent results 
when it can be employed is as follows. The alloy 
is first homogenized, then powdered by filing 
(or crushing) and sealed into small capsules of 
glass or silica. The capsules are annealed at the 
required temperatures for a sufficient number of 
hours to produce equilibrium and are then 
plunged into water and smashed immediately, 
so that the hot particles of powder are indi- 
vidually brought into contact with the quenching 
medium and are cooled instantly. The powder is 
then collected and dried and mounted for use in 
the x-ray camera. Internal strains from quench- 
ing are avoided by the small size of the individual 
particles, and decomposition of the high tempera- 
ture state is minimized by the drastic quench. 

Naturally the accuracy attained in any dia- 
gram is dependent upon the accuracy of the 
x-ray technique, which means that back-reflec- 
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tion powder cameras should be used, with 
proper corrections for film shrinkage and other 
instrumental errors. The design of slits to give 
diffraction lines of suitable sharpness without 
excessively long exposures is a matter of some 
importance; the details of camera design are 
also of considerable importance when the method 
of disappearing phases is employed. 


Ternary Diagrams 


The commercial importance of ternary and 
more complex alloys has focused an increasing 
amount of attention on them in recent years. 
X-ray methods have proved very fruitful with 
ternary alloys, both in rough survey work and 
in more precise determinations of diagrams. 
Owing to the fact that the individual regions 
within a ternary equilibrium diagram may repre- 
sent either single-phase, two-phase, or three- 
phase equilibrium, the principles governing 
ternary diagrams and their determination neces- 
sarily differ somewhat from those employed with 
binary alloys. 

To plot the phases in a_ three-component 
system, it is best to use an equilateral triangle 
plot. The three pure metals are represented by 
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Fic. 6. Triangular plot for ternary systems. 


the corners of the diagram, as indicated by the 
letters A, B, C, in Fig. 6. All the binary alloys 
of these metals will be represented by points 
along the boundaries of the triangle, and alloys 
containing all three components will lie within 
the triangle. The location of a point within the 
triangle gives its composition; thus the alloy P 
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in Fig. 6 contains amounts of metals A, B, and C 
in proportion to the perpendicular distances PX, 
PY, and PZ, respectively.‘ The same principle 


Fic. 7. Isothermal section of a hypothetical ternary 
diagram showing one, two and three-phase fields as open, 
ruled, and black areas, respectively. 


holds, of course, for points along the boundaries, 
where the alloys contain only two metals. Atomic 
percentages are of more significance than weight 
percentages in determining the extent of phase 
fields and are usually preferred in research work. 

Figure 7 illustrates a possible disposition of 
phase fields in a ternary diagram and gives the 
equilibrium relations for one temperature. It is 
an isothermal section through a three-dimensional 
plot having the composition triangle as a base 
and temperature as the ordinate. A succession 
of such plots for different temperature levels 
would be necessary for a full specification of the 
ternary constitution, but usually only sections 
near room temperature are of sufficient practical 
importance to be mapped out in detail. 

The geometry of an isothermal diagram is im- 
portant, for the x-ray method depends upon it. 
Three-phase fields are always triangular. They 
always have boundaries in common with two- 
phase fields and corners that touch one-phase 
fields at cusps on the one-phase boundaries.’ 
These relations will be seen in Fig. 7. The 
boundaries of one-phase regions are always 
curved (save when they lie on the boundary of 
a triangle). Two-phase regions have curved 
boundaries in common with the one-phase 
regions, and if they touch a three-phase region, 
they share a straight line boundary with it. 
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The tie-lines within the two-phase fields, which 
give the compositions of the two co-existing 
phases, are straight lines that never cross each 
other, and that change in direction gradually 
from one side of the area to the other. The 
relative proportion of two phases in equilibrium 
is given by the lever relation just as with binary 
alloys. Referring to Fig. 7, the lever principle 
applied to alloy P gives 


amount of a=length of Py 


amount of B=length of Px 


In any three-phase region the compositions of 
the co-existing phases are given by the three 
corners of the three-phase triangle, and are 
independent of the over-all composition of the 
alloy. The relative proportion of the phases 
present in a three-phase region may be found by 
the construction shown in Fig. 8, where an alloy 
P lies within a three-phase region containing 
a-, B-, and y-phases. The amounts of the indi- 
vidual phases are given by drawing a line through 
P and one corner of the three-phase triangle and 
setting up equations of the type 


amount of 8 =length of Px 


amount of (a+y)=length of Pv 
and 
amount of a=length of xw 


amount of y=length of xu 


Boundaries of two-phase regions and corners of 
three-phase regions can be located by applying 
these relations to the relative intensities of the 
spectra of the individual phases. This procedure 
is analogous to the disappearing phase method 
discussed in connection with binary diagrams. 
It has been employed with marked success by 
Bradley and his associates in various ternary 
systems of iron, nickel, aluminum, and copper,*®~* 
although it has not been held in high regard by 
many investigators, perhaps for the reason that 
full use is not often made of intensity data and 
the lever relations mentioned above, and perhaps 
because imperfectly crystallized transition lat- 
tices may exist that lead to diffuse spectra of 
the minor constituent. Bradley and Lipson suc- 
ceeded in detecting a phase when it was only 
1/600 of the total alloy, and regularly used films 
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showing a phase that constituted only 1/100 
of the specimen, usually employing for the 
purpose a cylindrical camera of 19-cm radius, 
nicely adjusted, with suitably chosen radiation 
that had been passed through a filter. 

While the method of disappearing phases is 
useful for survey work, there seems no doubt 
that lattice constant measurements are required 
for precision determinations of ternary diagrams, 
just as with binaries. The principles involved 
have been summarized by Bradley and his co- 
workers,® and in greater detail by Anderson 
and Jette.® 

The investigator first determines the variation 
of the lattice spacings within the single-phase 
regions of the three binary constitution diagrams, 
then over the single-phase regions of the ternary 
diagram. He then prepares diffraction patterns 
for alloys in the three-phase regions, and uses 
the principle that each phase in any three- 
phase alloy will have the same lattice spacings as 
the alloy at the corresponding point of the three- 
phase triangle. For example, the alloy P in Fig. 8 
will contain an a-phase with the same parameter 
as alloy u. Thus comparison with the spacings 
of the one-phase regions touched by the triangle 
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Fic. 8. The lever principle in three-phase ternary fields. 


corners will immediately locate the position of 
the corners, and thereby the whole triangular 
region. By locating the three-phase triangles in 
this way, the investigator has also located two 
of the four boundaries of the contiguous two- 
phase regions. The remaining two boundaries 
of each two-phase area are located by measure- 
ments on a series of alloys within the area. Each 
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alloy will give the superimposed spectra of the 
two alloys at the ends of the tie-line through the 
point representing the alloy. Turning to Fig. 7, 
for example, the alloy P will yield the spectra of 
alloys x and y. The lattice spacings of x and y, 
of course, will coincide with the spacings for 
certain compositions in the single phase regions 
and will thereby determine the compositions for 
the ends of the tie-line. With a series of alloys 
in the two-phase region, a series of points will be 
determined on the two curved boundaries of the 
region. The fixing of all boundaries of three- 
phase and two-phase regions completes the dia- 
gram, for the one-phase regions are then fully 
outlined. 

Let us consider, now, how the labor can be 
minimized in this procedure. By judicious choice 
of alloys, the number required can be greatly 
reduced ; Bradley and Taylor,'® for example, used 
130 alloys spaced as much as possible near the 
boundaries of one-phase regions, and obtained 
results comparable in accuracy with those that 
would have been obtained with 741 alloys equally 
spaced at 2.5 atomic percent intervals. The 
choice of alloys for an x-ray investigation of the 
system Fe-Ni-Al is shown in Fig. 9, with open, 
half-filled, and filled circles indicating alloys that 
were found to contain one, two, and three phases, 
respectively. The ternary diagram derived from 
these data*!° is reproduced in Fig. 10. As a rule 
the phases along the three binaries extend con- 


Fic. 9. Plot of alloy compositions used in an x-ray in- 
vestigation of the iron-nickel-aluminum system, reference 
10. Open, half-filled, and filled circles represent alloys found 
to contain one, two, and three phases, respectively. 
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siderable distances into the interior of the tri- 
angle and there are relatively few single-phase 
regions that are entirely divorced from the 
boundaries. There also appears to be a tendency 
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Fic. 10. Diagram based on the data of Fig. 9; reference 10. 
Single phase fields are unshaded, two-phase fields are ruled 
with tie-lines, three-phase regions are black. Superlattices 
are present but are not indicated. 


in some ternary diagrams for the phase bound- 
aries and the tie-lines to run roughly parallel to 
the lines of equal ratios of valence electrons to 
atoms—an extension of the Hume-Rothery rule 
in binary alloys. When similar structures occur 
at similar electron-to-atom ratios on two of the 
binaries it is not unlikely that a single-phase 
region will extend entirely across the ternary 
triangle from one to the other, as is the case, for 
example, in the Fe-Ni-Al system where a phase 
exists that has a cubic structure with aluminum 
atoms at cube corners and iron or nickel atoms at 
cube centers and extends from the composition 
NiAl across to the composition FeAl, (see Fig. 
10). These rough generalizations enable the in- 
vestigator to guess somewhat more readily the 
possible configuration of the phase fields and 
thereby minimize the number of alloys to be 
made. It has been remarked that the mapping 
of a ternary is often less laborious—after the 
component binaries are known—than mapping 
out a single complicated binary system. 
Interpolation is important if one is to reduce 
the labor of the lattice parameter method of 
fixing the phase boundaries. Anderson and Jette® 
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have developed a convenient way of interpolating 
in ternary diagrams based on plotting the lat- 
tice parameters for any phase as ordinate on the 
composition triangle as a base. In such a three- 
dimensional plot, the parameters will form a 
surface—the ‘‘parametric surface.’’ This surface 
will have the following properties, illustrated by 
the drawing in Fig. 11, which is supposed to 
represent the a-phase parametric surface for 
Fig. 7. In three-phase regions it will be a hori- 
zontal plane of constant parameter. In two-phase 


PARAMETER 


Fic. 11. Sketch of a-phase parametric surface for the 
hypothetical diagram of Fig. 7. 


areas it will be (in general) a curved surface; 
horizontal sections through this will be straight 
lines identical with tie-lines, and the outermost 
pair of lines will form the two straight-line 
boundaries of the field. In one-phase regions the 
parametric surface is generally curved and need 
not contain any sections that are straight lines. 
The surface over the single phase regions must 
intersect the surface of the two-phase regions 
along the boundary line between these regions 
(generally a curved line), and must touch the 
three-phase parametric plane at the corners of 
the three-phase triangle. 

With these facts in mind it is not difficult to 
interpret the parameter measurements in terms 
of phase boundaries, or to devise schemes for 
interpolation. Anderson and Jette recommend 
instead of a solid model of the surface—a cumber- 
some device to use—a series of vertical sections 
of the surface, projected orthogonally upon a 
plane. Figure 12 illustrates this procedure for the 
phase in the iron corner of the Fe-Cr-Si system, 
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where a family of similarly shaped parameter 
curves have been drawn through the experi- 
mental points labeled Fe, 6, 9---63. It will be 
seen that the method of drawing these parameter 
curves amounts to graphical interpolation both 
in the plane of constant iron content and in the 
direction perpendicular to this plane. A_hori- 
zontal section through this plot gives the com- 
positions along a contour of the parametric 
surface, which can then be plotted as a contour 
map on the composition triangle, as in Fig. 13. 
The solid lines in this figure indicate the single- 
phase region and the dotted lines the adjacent 
two-phase regions, whose contours must connect 
at the phase boundary with those in the single- 
phase region. When these two surfaces intersect 
at an appreciable angle, the boundary can be 
fixed with accuracy, but when the contours pass 
from one to the other without a distinct change 
in direction the investigator must resort to the 
method of disappearing phases to place the 
boundary. When it is found that the tie-lines of 
a two-phase field converge to a point, it must be 
concluded that a compound of substantially in- 
variant composition occurs at that point, and 
from the degree of convergence the extent of the 
homogeneity range of this phase can be esti- 
mated. A proper choice of vertical sections 
through the parametric surfaces near a phase 
boundary aids in making the exact position of the 
boundary evident. 
Atomic Per Cent fron 
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Fic. 12. Parameters along sections of constant iron con- 
tent in iron-chromium-silicon alloys, projected on a plane 
of constant iron content, reference 9. 


The iron corner of the Fe-Cr-Si diagram de- 
termined by x-rays is reproduced in Fig. 14. 
Solubility limits are shown for three tempera- 
tures, obtained by quenching the powdered 


JOURNAL OF APPLIED PHYSICS 


| 
= 

re 

; 

of 


samples from homogenizing temperatures of 
600°, 800°, and 1000°C, respectively. 

In concluding this review it might be well to 
remind the reader that alloys ofttimes are not as 
simple as they might be. If they have not been 
brought to equilibrium, they may not obey the 
phase rule. They may contain transition lattice 
structures that disappear on further annealing, 
as, for example, in the case of binary aluminum 
silver alloys'' and the ternary alloys of iron, 


fe 
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Fic. 13. Parametric surface indicated by contours of equal 
parameter derived from Fig. 12, reference 9. 


copper, and nickel,* and these transition states 
may be fully developed three-dimensional crys- 
tallites, or they may be segregated layers or 
imperfectly formed lattices capable of developing 
only two-dimensional grating diffraction. Super- 
lattices are also common, and the observer may 
find the atoms in his alloy distributed on the 
atomic sites in any degree of order—from com- 
plete randomness to complete order. When in- 
serting superlattice data on his phase diagram, 
and drawing the boundaries of the temperature- 


Fic. 14. The iron-rich corner of the iron-chromium-silicon 
system determined by x-rays, reference 9; isothermal sec- 
tions at 600°, 800°, and 1000°C, 


composition region for the fully ordered super- 
lattice, he is usually at a loss to know whether 
the lines should obey the phase rule or not. 
Actually the data are seldom, if ever, available 
that will clearly indicate whether the formation 
of a superlattice must be indicated as a phase 
transformation or not, and the observer may 
draw conventional lines obeying the phase rule, 
as in the 8-phase of the copper-zinc diagram of 
Fig: 1, or he may throw in dotted lines of highly 
unconventional character, violating the phase 
rule in a new and delightful fashion, but repre- 
senting the diffraction data nicely. In either case 
his choice will probably enrage some serious 
student of phase diagrams, but in either case, if 
the work has been done with care, the published 
diagram will be worth while and a needed con- 
tribution to our very limited knowledge of the 
constitution of alloys. 
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homogeneous and physically distinct part of a 
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phases to disappear or any new phases to form. The 
number of components of a system is the smallest 
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The Evaluation of the Avogadro Number N and the 
Charge on the Electron e, by X-Rays 


By J. A. BEARDEN 


The Johns Hopkins University, Baltimore, Maryland 


HEN one considers the nature of x-rays 

and their interaction with atoms, it is not 
surprising that x-ray methods are capable of 
yielding more exact information about the funda- 
mental physical constants N, e, h and m than any 
other method available. The one fundamental 
measurement which is basic in all these evalua- 
tions is the absolute scale of x-ray wave-lengths. 
The present paper is concerned with the estab- 
lishment of such a scale and its use in evaluating 
the Avogadro number N and the charge on the 
electron, e. 


Scale of X-Ray Wave-Lengths 


The only precise method available for the 
measurement of x-ray wave-lengths in which all 
quantities are directly measured is by the use 
of ruled gratings. The work of Compton! on 
the total reflection of x-rays and its use in the 
development of the ruled grating method? stands 
in the light of its contribution to our present 
knowledge of the physical constants as one of the 
important experiments in the history of x-rays. 


Diffraction of X-Rays by Ruled Gratings 
The index of refraction for x-rays in solids is 
less than one by only a few parts in 10°. This 
means that the maximum angle between the 
reflecting surface and the totally reflected beam 
varies from about 10’ to 3° depending on the 
wave-length and reflecting material. In order for a 
ruled grating to diffract x-rays, the central image 
must be reflected from the grating within this 
angle, and the diffracted orders must lie within 
an angle of two or three times the maximum 
angle for total reflection. These two factors 
determine the spacing of the rulings and make it 
necessary to use more coarsely ruled gratings 
than normally used for the optical wave-lengths. 


VOLUME 12, MAY, 1941 


There are two methods available for measuring 
x-ray wave-lengths by ruled gratings. For that 
involving the use of plane gratings, the usual 
grating equation m\=d(sini—sinr) be 
written in terms of the small angles @ and a of 


Fig. 1 as 
26+«a a 
ny = 2a( sin ‘sin ), 
2 2 


This equation is strictly valid only for parallel 
rays. X-rays are collimated by slits, but by 
suitably choosing** the separation of the slits, 
their width and distance from the grating to the 
photographic plate, it is possible to make the 
correction to Eq. (1) of the order of one part in 
10°. Eckart® has worked out a general derivation 
of the formula for the diffraction by a perfect 
grating, which is applicable to x-ray wave- 
lengths. From this the corrections summarized in 
reference 3 appear adequate for the x-ray wave- 
length region. 


(1) 


Concave gratings may be used for x-ray wave- 
length measurements at tangential incidence. 
Absolute wave-lengths are obtained by super- 
imposing a high order of a short wave-length on a 
first order of a longer wave-length. In this manner 
x-ray lines can be measured in terms of the 
standard red cadmium line. 


Experimental Measurements 


The wave-length of many x-ray lines has been 
measured by ruled gratings, but in many of the 
researches the purpose was something other than 
the establishment of an absolute scale of x-ray 
wave-lengths. In only a few researches have 
sufficient precautions been taken to warrant 
using their results for the present purpose. 

In the earlier work of Bearden’ (1931), the 
wave-lengths used were from 1.39 to 2.28A, which 
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are about the maximum that can be used without 
vacuum, and are wave-lengths for which accurate 
crystal measurements have been made that are 
free from anomalous dispersion corrections. A 
further advantage of this wave-length region is 
that the experimental arrangement is such that 
large distances are available permitting dispo- 
sition of slits, grating and photographic plate so 
that corrections for slits are of the order of one 
part in 10°, 

Backlin* (1935) used the Al Ka;,2 doublet at 
8.34A, which has the advantage of large diffrac- 
tion angles (about two or three times those of the 
author). The disposition of slits, etc. in vacuum 
was such as to require corrections to the meas- 
ured wave-lengths of 0.2 to 0.6 percent. The 
quantities necessary for making precise correc- 
tions were carefully measured and the error in the 
final wave-length caused by errors made in these 
quantities was very small. 

The concave grating method has been used by 
Soderman® to compare the Al Ka;,2 doublet with 
the red cadmium line. No details are given, but 
the simplicity of the method is such that no 
major corrections are necessary and we may use 
the results with considerable confidence. 
1. Resutts ror K Series LINEs or Copper 
AND CHROMIUM 


The small angles (less than one degree) en- 
countered in this work,’ were measured by the 
parallel plate method shown in Fig. 1. The plates 
were accurately parallel and the distance between 
them was carefully measured. On the first plate 
only the direct and reflected beams were recorded 
as this was sufficient to determine the distance R 
from the effective center of the grating to the 
second plate. The order of recording the x-ray 
beams was such that the direct and reflected lines 
were recorded before and after each long ex- 
posure which recorded the diffracted lines. An 
interferometer was also used for checking the 
position of the grating during the exposure. 

Typical photographs (enlarged about 2.5 times) 
made with different gratings and wave-lengths are 
shown in Fig. 2. The photographs 1, 2 and 3 of 
Fig. 2 are the K series of copper made with glass 
gratings with 50, 287 and 600 lines per mm, 
respectively. The reflection angle @ in each case 
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was about the same, and it is interesting to 
observe that the high orders of diffraction fade 
out at about the same angle (26+a). In these 
plates the angles 6 were such that no inside orders 
of diffraction were present. Photograph 4, also of 
the K series of copper, was made with a glass 
grating of 143 lines per mm sputtered with a thin 
layer of gold. The reflection angle @ in this case 
was made larger than in either 1, 2 or 3, and one 
inside order is present. Also it will be noticed that 
the outside orders extend to greater diffraction 
angles than in either 1, 2 or 3. In 5 the same 
grating as in 2 was used, without the gold 
coating, to record the K series of chromium. 

It will be noted in all of these photographs that 
the a, a2 lines are not resolved. This is not to be 
expected, as the separation of these lines is only 
0.0039A, which would give a separation of the lines 
on the photographic plate of about 0.003 mm. 


Po 


Fic. 1. The slits S;, Ss were 0.01 mm wide and separated 
42 cm. The first plateholder, P; was 7 cm from the axis of 
the grating and P, was about 191 cm. Six gratings ruled on 
two ruling engines were used. 


The effective wave-lengths of these doublets will 
be discussed under crystal measurements. 

The final results for the copper and chromium 
K series as recorded by the different gratings are 
shown by Table I. The numbers in parentheses 
are the number of orders of each wave-length 
which were measured with each grating. Thus for 
grating 5, 41 orders of the copper K@ line on a 
number of plates were measured, and on the 
same plate, 73 orders of the copper Kaj,» line 
were measured. The same grating was used for a 
set of plates on which 32 orders of the chromium 
KB and 51 orders of the chromium Ka; lines 
were measured. The weighted average for each 
wave-length was obtained by giving each value 
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Fic. 2. Enlargement (about 2.5) of typical x-ray spectra. In each case D is the direct image, 0 the zero-order or totally 
reflected x-ray beam, and the numbers refer to orders of the various wave-lengths. Photograph 1, copper K series, grating 
50 lines per mm; 2, copper K series, grating 287 lines per mm; 3, copper K series, grating 60 lines per mm; 4, copper K 
series, grating 143 lines per mm, coated with gold; 5, chromium K series, 287 lines per mm, 


obtained with a grating a weight proportional to 
the number of measurements made with that 
grating. 

Table I were from 107 
sets of plates taken with different angles of 
reflection 6, different slit widths and length of 


The measurements in 


exposure. The apparatus was completely read- 
justed on several occasions, and two independent 
experimental set-ups were used. Two types of 
x-ray photographic plates were used, and different 
developing techniques were tried. The variations 
occurring in the results of Table I should give the 
expected probable error, except for three possible 
sources of consistent errors. They are: the meas- 
urement of the grating constant, the distance 
between plateholders, and the precision of the 
comparator on which the plates were measured. 

The principal source of consistent error in the 
above results lies in the comparator used for 
determining the grating constant, the separation 
of the lines on the photographic plate, and in 
checking the length of the measuring bar used for 
measuring the separation of the plates. The 
comparator screw was of 1 mm pitch, and 50 cm 
long, and was formerly used in one of the Rowland 
ruling engines for optical gratings. The length 
scale used for calibrating the comparator was a 
precision glass scale of 10 lines per mm, which 
was ruled with one of the Rowland ruling engines 
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and calibrated by the National Bureau of 
Standards. The usual 10 to 40 power microscope 
which was later used for measuring the photo- 
graphic plates was replaced by a very flat field 


TABLE I. 


: CHROMIUM CHROMIUM 
GRATING |CoPPER CoppER Kan,» 


KBi,3 


392104 (26)| 1.54150A (46) 2.29088A (28) 


land 3 | 1. 2.084634 (16) 
4’ | 1.39242 (30)) 1.54193 (49)| 2.08492 ( 3); 2.29109 ( 5) 
4 1.39215 ( 1.54183 (11)| 2.08486 (15); 2.29111 (27) 
5 1.39217 (41)) 1.54158 (73)) 2.08455 (32)| 2.29075 (51) 
5’ 1.39235 (49) 1.54183 (82) 2.08499 (44) 2.29111 (67) 
6 1. (16); 2.08465 ( 3)| 2.29077 ( 4) 


Weighted | 1.39225 (161) 


1 

1 

1 
39207 (11) 1.54173 

1 
average |+.00004 + 


(277)| 2.08478 (113)| 2.29097 (182) 
+ .00006 + .00005 


300-power microscope. This made it possible to 
set on a finely ruled line within 0.2 micron. In 
order to secure the precision needed in the 
present experiment, the comparator was cali- 
brated and used in a constant temperature room. 
To check for possible periodic and erratic errors 
more accurately than could be done with the 
0.1-mm standard scale, a good quality glass 
grating of 143 lines per mm was substituted for 
the scale. Every tenth line was measured for a 
distance of 10 cm. The maximum correction did 
not exceed 1 micron. This part of the comparator 
was used for all measurements except the meas- 
urement of the length of the measuring bar for 
determining the separation of the plates. 
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The grating constants were determined by 
measuring the distance (about 20 mm) between a 
counted number of lines. This distance was 
measured a number of times on different parts of 
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Fic. 3. Backlin’s experimental arrangement. The dis- 
tance r=21.5 em and R=451.3 cm. The slit S was 0.01 mm 
and the slit formed by the grating and FE was about 
0.03 mm. 


the carefully calibrated 10 cm section of the 
comparator. The probable error in the grating 
constants did not exceed 0.002 percent. 

The separations of the lines on the photo- 
graphic plate were measured with a microscope of 
30-fold magnification on the carefully calibrated 
part of the comparator. Three to five settings 
were made on the direct line D, Fig. 2, the same 
on the reflected line 0, and on each of the 
diffracted lines. The direction of the plate on the 
comparator was reversed and the measurements 
repeated. Most of the plates were remeasured 
after a period of a few weeks. More than 700 
diffracted lines were measured, as indicated by 
the numbers in parentheses in Table I. The 
inability to set accurately on a given line proba- 
bly accounts for the variations observed in 
Table I. Therefore the additional probable error 
introduced by the comparator should be about 
the same as that in the measurement of the 
grating constant, or 0.002 percent. 

Independent measurements of the separation 
of the parallel plates differed by only 0.002 
percent. A probable error of 0.001 percent is quite 
reasonable, but in Eq. (1) it is clear that R enters 
as the square, which produces an error in the 
wave-length of 0.002 percent. The combination 
of this error with that of the grating constant and 
that of the comparator measurement, in the 
usual manner, gives 0.004 percent. This combined 
with the fluctuation probable error of Table I 
gives the final probable error for each wave- 
length as shown in Table II. 
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Measurements’ of the copper Ka; line have 
also been made with a large ruled grating 
mounted between the crystals of a double 
crystal spectrometer set in the (1—1) position. 
This ionization method permitted the contour of 
the line to be studied and the selection of the 
maximum ordinate as the wave-length of the 
line. This is the method used in crystal wave- 
length measurements with a double crystal 
spectrometer. Two gratings of 100 and 200 lines 
per mm, respectively, were used on a carefully 
calibrated precision spectrometer. The results of 
these measurements are shown in Table III. The 
probable errors in the grating constants did not 
exceed 0.001 percent. Four microscopes were 
used for reading the divided circle and three 
10-minute lines were set on three times in each 
microscope. The consistent error introduced by 
the circle did not exceed 0.1 second. Adding this 
to the random error calculated in Table III we 


TABLE II. 


LINE WaAve-LENGTH 


Copper 1.39225+0.00007A 
Copper Kay,2 1.54172 +0.00008 
Chromium K8;,; 2.08478 +0.00010 
Chromium Kay,» 2.29097 +0.0001 1 


obtain for the copper Ka, line 


(Cu Kay) = 1.5406+0.0002A. 


2. RESULTS FOR THE ALUMINUM Kay,» LINE 
WITH A PLANE GRATING 


The principle of Backlin’s method? is shown in 
Fig. 3. The rulings on the grating were parallel to 
the edge of the rectangular prism and continued 
out to the edge. The second collimating slit was 
formed by this edge of the grating and a sharp 
steel edge E. The midpoint of the slit thus formed 
was placed on the axis of rotation of the grating 
table. This permitted different angles of incidence 
to be used without altering the distance R from 
this slit to the photographic plate, which was 
placed normal to the direction of the incident 
beam. The incident, reflected, and diffracted 
beams were recorded on the same plate. 

The wave-lengths calculated from the observed 
angles @ and @ have to be corrected for the fact 
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that the center of the diffracting surface is at a 
greater distance from the plate than R. A simple 
calculation shows that the true wave-length can 
be calculated from the following equation :4 


14 


where X’ is the wave-length as calculated from 
Eq. (1) with the observed angles 6 and a, 6 and a 


2s 10800 


| (2) 
r 


TABLE III. 
ANGLE @ ANGLE a@ Wave-LENGTH 
15’ 10.43” 1.5403A 

15’ 10.30” 5.36" 1.5411 
8’ 0.14” 12° 32.45" 1.5403 
7’ 59.91” 12’ 32.98” 1.5403 
19’ 42.74” 31.10” 1.5405 
19’ 43.75” 7’ 36.67" 1.5403 
15’ 16.56”’ 20’ 53.64” 1.5405 
15’ 16.57” 20’ 54.27” 1.5416 
26’ 17.67” 15’ 44.19” 1.5409 
26’ 18.14” 15’ 43.80” 1.5405 
7’ 11.90” 26’ 22.06” 1.5404 
Average 1.5406 
+0.0001 


in Eq. (2) are in minutes of arc, 2s is the width of 
the second slit formed by the grating and &, r is 
the distance between slits. The value of s was 
determined by slit diffraction using the carbon 
Ka line as the known wave-length. Three values 
of 2s were used: 22.8, 26.7, and 33.2u, respec- 
tively. 6 was varied from 20.9’ to 43.0’. The value 
of the correction terms depends on the order of 
diffraction and varies from 0.04 to 0.02A. A 40- 
fold enlargement of the recorded lines is shown in 
Fig. 4. 

After a series of preliminary plates had been 
taken to test the adjustment of the apparatus, 12 
plates were made on which there were 56 meas- 
urable orders of the aluminum Kay, 2 lines. These 
results are recorded in Table IV, in which I have 
calculated the probable error from the fluctuation 
in the 56 measurements with weights as assigned 
by Backlin. In addition to the probable error 
indicated in Table IV, there are other sources of 
error similar to those discussed for the copper and 
chromium measurements. The comparator was a 
50-mm type constructed with the greatest care 
for these measurements. The periodic error was 
0.00025 mm and the progressive error was less 
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Fic. 4. Enlargement (40 times) of the direct beam 0, the 
central image C and the spectral lines of the J and IV 
order. The corresponding distances between the lines are 
given in the figure. Distance a;y—ay is about 10.6 em. 
To the left of a, one can see the spark lines (a3, a4, etc.) 
which are not resolved. 


— 


than +0.0002 mm. The distances between the 
lines on the plate varied from about 7 to 40 mm. 
We may assume a probable consistent error due 
to the comparator of about 0.001 percent. 

The grating constant d was measured with a 
precision optical spectrometer and the green 
copper line at \=5153.25A. The mean value of 
several independent measurements gave d20°c 
= 33263.0+0.5A. The periodic error was de- 


TABLE IV. 

PLAT! 0 ORDERS WAVE-LENGTH 
504 25.9’ 4 8.33944 
506 25.9’ 4 396 
508 30.9’ 5 391 
510 20,9’ 4 400 
515 30.9’ 5 391 
517 35.9’ 5 394 
519 40.9’ 5 391 
521 30.9’ 4 405 
524 37.9’ 5 393 
527 43.0 5 390 
529 32.9’ 5 411 
532 38.0' 5 396 


Mean 8.3395A 
+ .0002 


termined by measuring the intensity of the ghost 
lines in the third order. The maximum error in 
the x-ray wave-length caused by this was 0.003 
percent, but the actual error probably did not 


399 


I Ordmng 
aft 
| 
: = A 


exceed one-third of this value. Backlin assumed a 
total of errors traceable to the grating of 0.003 
percent. This is doubtless a reasonable limit of 
error, and the probable error may safely be taken 
as one-half of his estimate, or 0.0015 percent. 

The measurement of the distance R from the 
grating to the plate was carefully made with a 


TABLE V. Aluminum Kajao. 


8.3405A 8.3410A 


8.3393A 


3406 3373 3397 
.3399 .3406 3423 
8.3401A 
+ 0001 


measuring bar which was evaluated in terms of 
the comparator. The value of R was 


Roore = 512.956+0.010 mm. 


In the same manner as above, R really enters as 
R? in the final calculation so the consistent prob- 
able error introduced by the error in the measure- 
ment of R is 0.004 percent. 

The probable errors in the quantities used in 
Eq. (2) introduce a proportional error in the final 


. 
wave-length. Backlin calculated the sum of the 


errors for these quantities to be one percent. A 
reasonable probable error seems to be about 0.5 
percent. The correction for the wave-length 
calculated from the first order is about 0.6 percent 
and 0.2 percent for the 5th order, or an average of 
0.4 percent. The probable error in the final wave- 
length is the product of these or 0.002 percent. 

The above errors may be combined in the usual 
manner and we obtain a combined consistent 
error of +0.005 percent or +0.0004A. From 
Table IV we then obtain as Backlin’s final value 
for the wave-length of the aluminum Kay, line 


Aluminum Kay, 2=8.3395A+0.0005A. 


3. RESULTS FOR ALUMINUM Kaj. LINE WITH 
CONCAVE GRATING 


Soderman® has used the concave grating 
method to evaluate the aluminum Kay, line in 
terms of the spark lines of known absolute wave- 
lengths. No details of this work have been given, 
but one can probably assume that the accuracy is 
of the same order as that of the above measure- 
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ments. The wave-lengths obtained by Soderman 
are listed in Table V, where the probable error is 
that calculated from the fluctuations. If we add 
to this for consistent errors 0.0004A, as was 
calculated for Backlin’s work, then the concave 
grating method gives 


Aluminum Kay, 2=8.3401+0.0005A, 


which is in satisfactory agreement with Backlin’s 
values. 


Crystal Wave-Lengths 


The variation in the grating constant of calcite 
crystals of good quality is about one part in 
250,000. This has been shown by direct measure- 
ments on crystals from different sources* and by 
the differences in wave-lengths of the standard 
x-ray line copper Ka; as measured by several 
observers.* However, relative measurements of 
x-ray wave-lengths by crystals can be made with 
an accuracy of one part in 10°. 

In 1919, Siegbahn'® measured the ratio of the 
grating constant of calcite to rocksalt, which had 
been calculated from the chemical data as 
d=2.814A and assumed to be 2.81400A. On this 
basis the grating constant for calcite was found 
to be d=3.02904A for the first order diffraction. 
When the correction for the index of refraction is 
made, we obtain an assumed grating constant for 
calcite at 18°C 


= 3.02945A, 


This value for calcite has been assumed in most 
work since that time. 

The copper and chromium Ky, ; lines used in 
the ruled grating measurements are almost 
symmetrical, as is shown by the double crystal 
spectrometer curves’ recorded in Fig. 5. The K85 
line in each case is sufficiently far away from the 
KB,, 3 that they are resolved by ruled gratings 
and thus introduce no error in the measurements. 
The Ka; and Kaz lines, however, cannot be re- 
solved by gratings, and an average wave-length, 
as measured by crystals, must be calculated. The 
intensity ratio of the a; to the a: is 2 and by 
giving the a; wave-length a weight 2 and the a 
one, we obtain a weighted average which can 
be compared with the ruled grating value. The 
justification for this lies in the fact that the 
wave-lengths thus calculated are consistent with 
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the 8; 3; lines and also that Haglund" has shown 
for the aluminum Ka, » doublet that measure- 
ments on resolved and unresolved lines agree 
within one part in 10° when the effective wave- 
length of the resolved lines is calculated as above. 
In his measurements the Al Ka, » could not 
be resolved by mica or gypsum crystals, but 
was resolved by a quartz crystal. Haglund also 
showed that anomalous dispersion of this wave- 
length in mica was negligible arid that therefore 
Larsson’s™ uncorrected wave-lengths should have 
been used as a standard instead of the corrected 
one which has been used. The grating constants 
of mica, gypsum and quartz used in this work 
were determined by using the copper Ka; as a 
standard wave-length. The Al Ka; line is thus 
measured on a basis of the calcite grating 
constant, d=3.02945A. 


Comparison of Crystal and Grating Wave- 
Lengths 


In Table VI the ruled grating wave-lengths, as 
obtained above, are compared with the crystal 
wave-lengths.” * The crystal wave-lengths for the 
copper and chromium lines are the averages of 
the most precise measurements by different 
observers as listed in reference 9. The effective 
crystal wave-lengths for the a:, a2 lines were 
calculated as discussed above. The Al Ka; » line 
is the average of Haglund’s measurements made 
with mica and gypsum crystals. However, no 
measurements differed from this value by more 
than one part in 10°. 


TABLE VI. 


OBSERVER | Date X-r LINE GRATING CRYSTAL (Ag Ae 


Bearden 1931 | Cu 1.39225 | 1.3893649 0.208 +.005 
Bearden 1931 Cu 1.54172 1.5386759 198 5 
Bearden 1931 | Cr 2.08478 2.0805909 201 5 
Bearden 1931 | Cr Kayo} 2.29097 | 2.2863109 5 
Bearden 1935 | Cu Kay 1.54060 | 1.5374019 208 13 
Backlin 1935 Al Kay,2) 8.3395 | $.32290" .199 6 
Soderman 1935 Al Kay.2) 8.3401 8.32290" .207 6 

203 

001 


The weighted average in Table VI was ob- 
tained by giving each wave-length a weight 
inversely proportional to the square of its proba- 
ble error. It will be noted that not a single wave- 
length differs from this weighted average by 
more than its probable error. This justifies the 
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Fic. 5. The copper and chromium K,,; lines as recorded 
by a*double crystal spectrometer. 


smaller probable errors as calculated above rather 
than the larger ones recorded in the original 
papers. The precision of this average approaches 
closely the best wave-length measurements by 
crystal methods. 

We may now calculate the true grating con- 
stant of calcite crystals by multiplying the previ- 
ously assumed grating constant djs°¢ = 3.02945A 
by the factor 1.00203. The true grating constant 
of calcite at 18°C is then 


d = 3.03560 +0.00003A, 


which is exactly the same as calculated by the 
writer’ in 1935, but with a smaller probable error. 
In that paper, weights were assigned proportional 
to the number of measurements included in each 
measurement, and the fact that that average 
gave the same value as now found further sup- 
ports the correctness of the ruled grating 
measurements. 
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Evaluation of the Avogadro Number N 


In the case of calcite crystals, the grating 
constant, which has been evaluated in absolute 
units above, can also be calculated from chemical 
data. For this crystal we have 


d=(M/2Npg¢)}, (3) 


where VJ is the molecular weight of calcite 
(CaCO;), N the Avogadro number, p the density 
of the crystal, and ¢@ the volume of a rhombo- 
hedron the perpendicular distance between the 
opposite faces of which is unity. All quantities in 
this equation except N are now accurately known 
and we may proceed to calculate its value. 

The use of both the physical scale (O' 
= 16.0000) and the chemical scale (O = 16.0000) 
is causing some confusion where constants on the 
physical scale are accidentally combined with 
others on the chemical scale. There are definite 
advantages in using the physical scale, and no 
disadvantages other than the revision of tables. 
Hence the Avogadro number is here calculated on 
the physical scale. 

The atomic weight of calcium on the physical 
scale is 40.091+0.005, that of carbon, 12.0148 
+0.0005, and oxygen, 16.0043+0.0003. The 
molecular weight of calcite (CaCO 3) on the 
physical scale is then 100.119+0.005. In the last 
section the value of the grating constant d was 
given at 18°C, as this is the temperature most 
commonly used in wave-length determinations. 
The value of d at 20°C can be calculated from the 
known linear expansion coefficient’ a=1.02 
10~° per degree C, which gives = 3.03566 
+0.00003A. The density of calcite crystals and 
the form factor @ have been carefully determined 
by the writer.* The values used in Eq. (3) for 
calculating the Avogadro number N may be 
summarized as follows: 


AM = 100.119+0.0005, 
= 3.03566 +0.00003A, 
= 2.71030+0.00003, 
= 1.09594+0.00001. 


From these values we obtain 


N = (6.0245 +0.0004) 10” mole 


The value of the Avogadro number on the chem- 
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ical scale can be obtained by dividing the above 
value of N by 1.00027. 


The Charge on the Electron 


If the value of the faraday could be accurately 
established, then the charge on the electron, e, 


Tasce VII. 


VOLTAMETER F (Puys. SCALE) e X10" e.s.u. 


Silver 96506 4.8021 
lodine 96526 4.8031 


could be calculated from the simple equation 


where F is the value of the faraday, c the velocity 
of light, NV the Avogadro number. 

It has been pointed out by Wensel'' that the 
value of the faraday as determined from the 
silver voltameter is not necessarily the true value 
of F. In order to obtain high reproducibility for 
international standard current measurements, a 
uniform procedure has been adopted in using the 
silver voltameter. The value of the faraday is, 
therefore, not as precise as the consistency of the 
current standard measurements indicates. The 
only other voltameter which has been studied in 
detail is the iodine. The faraday determined from 
it is about 20 parts in 10° higher than the value 
obtained by the silver voltameter. It is known 
that oxidation is present in the iodine voltameter, 
which would make the faraday too high. In the 
case of a silver voltameter, it is possible that 
silver redissolves, which would give a value of the 
faraday too low. Wensel takes an average of the 
two results, whereas Birge!® considers the silver 
value as the most probable one. Other work with 
the silver and iodine voltameters seems likely to 
lead to the same difference as here noted, as the 
difference is probably inherent in the methods. 
Further determinations of the faraday by other 
methods are highly desirable. , 

In view of the above situation, the value of e 
has been calculated for both values of the faraday 
in Table VII. The values of F are on the physical 
scale, N is that given in the last section, and the 
velocity of light ¢=(2.99776+0.00004) 10!" cm 
per second. 

The probable error in the value of e is primarily 
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that introduced by the faraday. Until further 
measurements establish the faraday with a higher 
precision, the best value of e is probably obtained 
by using some weighted average of the two 
results. The possible sources of error in the silver 
voltameter have been studied more carefully 
than those of the iodine voltameter, and if the 


value of the faraday by the silver method is 
weighted 2 and that by the iodine 1, the weighted 
average is 

= (4.8024+0.0006) e.s.u., 


where the probable error is sufficient to include 
both values of the faraday. 
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Radiographs such as the above are of great aid to the physician in locating the site andjnature of a fracture. At the 
present time there are about 25,000 installations actively in use in producing radiographs for medical purposes. 
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X-Rays in Medicine 


Radiography, fluoroscopy, and therapy are medical terms that the x-ray specialist 
knows. Here the equipment and the techniques of present-day practice are described. 
The importance of physical instruments in advancing the art are made evident. 


By BENEDICT CASSEN 


Westinghouse Electric and Manufacturing Company, East Pittsburgh, Pennsylvania 


1. Some Economic Aspects 


HE following facts and figures are given in 

order to give the reader an idea of the 
order of magnitude of the industry of supplying 
the medical profession with x-ray equipment. 
The figures given are roughly approximate and 
only apply to the United States. 

In this country there are about 170,000 
medical doctors. About 12 percent of these use 
some sort of x-ray equipment, thus making 
about 20,000 private installations. There are 
about 7000 hospitals. About 5500 of these have 
some sort of x-ray equipment installed. There are 
about six companies of some size and several 
minor companies manufacturing equipment and 
actively competing for sales. Two of these equip- 
ment manufacturing companies also make x-ray 
tubes. In addition to these, one major company 
and several minor companies manufacture x-ray 
tubes only, principally for use in equipment of 
those manufacturers who do not make their own 
tubes. All these equipment and tube manu- 
facturing companies directly employ about 3000 
people in manufacture and sales and the retail 
value of their products has varied from about 
$10,000,000 to $20,000,000 per vear, depending 
on business conditions. There are two national 
societies, The American Roentgen Ray Society 
and The Radiological Society of North America, 
each with its own publications, scientific journals, 
and annual meetings catering to the interests of 
radiologists. 

Many of the 20,000 private installations are 
installed in downtown office buildings or other 
offices where space is at a premium. This fact 
has a marked effect on the design of x-ray 
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equipment, the tendency being toward making 
everything as small and compact as possible. 
Within the last few years all new equipment 
has been made “‘shockproof,” that is, either there 
is no air insulation of the high voltage, or if 
there are any air-insulated parts, they are com- 
pletely surrounded by a grounded metal en- 
velope. Much non-shockproof equipment is still 
in use. Usually in these older installations the 
high voltage is taken to the tube through an 
overhead aerial supported by long insulators. 


2. General Nature of X-Ray Applications in 
Medicine 


The use of x-rays in medicine naturally divides 
into two types of applications. The major di- 
vision is that of radiography and fluoroscopy. 
The second division is that of x-ray therapy. 

Radiography consists in recording on photo- 
graphic film the shadow picture produced by a 
beam of x-rays diverging from the focal spot of 
an x-ray tube after passage through part of the 
patient. Fluoroscopy consists in visual examina- 
tion of a luminescent screen excited by this x-ray 
shadow. Radiography and fluoroscopy commonly 
use from 30-kv to 100-kv peak voltage on the 
x-ray tube, the lower voltages giving greater 
contrast, the higher voltages giving greater pene- 
tration. 

In therapy, a part of the body of the patient 
is exposed to a relatively intense beam of x-rays 
in order to obtain some direct effect on the 
patient from radiation absorbed in the body of 
the patient. Commonly, therapy is divided into 
two types, superficial therapy and deep therapy. 
Ultraviolet light and very low voltage x-rays 
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have an effect on the skin, but the depth of 
penetration is so very small that only the extreme 
outer layer of cells are affected. In what is 
commonly called superficial therapy, cells at 
depths of the order of millimeters to centimeters 
are affected. A lot of equipment uses radio- 
graphic equipment at voltages of the order of 80 
to 90 kv for this purpose, but in order to get more 
output in a reasonable time special superficial 
equipment is manufactured with tubes running 
at 140 kv. Deep therapy equipment, where the 
greatest penetration is desired, most commonly 
is operated at about 200 kv, less frequently at 
400 kv, and occasionally on special equipment at 
voltages up to around 1000 kv. 

As pointed out in Section 1, all modern x-ray 
equipment is “shockproof.’’ There are two gen- 
eral methods of obtaining this feature. One is 
to mount both the tube and high voltage gen- 
erating equipment in the same oil-filled con- 
tainer. This method is used when the transformer 
can be made small enough and light enough to 
be mounted in a counterbalanced movable con- 
tainer or in the case where mobility of the tube 
is not required. The other method consists in 
the use of flexible cables, with grounded sheaths 
and insulated for high voltage, to connect the 
voltage generator to the tube. The utility of this 
method has recently been greatly increased due 
to the availability of quite flexible, relatively 
small diameter (?’’) cable which breaks down in 
the neighborhood of 75 kv. As almost all com- 
mercial x-ray equipment is operated center 
grounded, each cable need take only one-half the 
total voltage. 


3. General Nature of Radiographic and 
Fluoroscopic Equipment 


The minimum practical equipment for x-ray 
examination of a patient would be a fluoroscopic 
unit consisting of an x-ray tube suitable for 
fluoroscopic use, a high voltage generator with 
control, a support for the tube, a means of 
positioning or holding the patient, a fluoroscopic 
screen and support for it, and adequate radiation 
protection for the physician. Most outfits that 
are made for fluoroscopy only are arranged so 
that the patient stands while being examined. 
These outfits are known as vertical fluoroscopes. 
The tube and fluoroscopic screen are mounted on 
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the same support, which support slides up and 
down so that the patient can be examined at 
various heights without independent adjustment 
of the tube and screen. Some types of radi- 
ography, usually chest radiography, are per- 
formed with the patient in a vertical position, 
where a film containing cassette takes the place 
of the fluorescent screen. Often a _ so-called 
“stereoshift’’ device is supplied to enable both 
the tube and cassette to be moved in a definite 
way so that two pictures can be taken suc- 
cessively from two different angles. Stereoscopic 
viewing effects are obtained when the developed 
and fixed films are viewed in a specially con- 
structed viewer. Most fluoroscopic outfits have a 
fluoroscopic shutter used to delimit the fluoro- 
scopic field to a minimum during protracted 
viewing in order to cut the amount of radiation 
received by the patient to a minimum. 

A large amount of both fluoroscopy and radi- 
ography is done with the patient in a horizontal 
position reclining on a table. 

Obviously, for fluoroscopy the tube must be 
under the table and the screen over the table. 
For radiography, except in so-called ‘‘spot-film 
work” the tube is over the table while the film 
containing cassette is in a carriage that runs in 
tracks directly under the table top. In spot film 
work a tube under the table gives a fluoroscopic 
image on a small screen. When the physician 
sees a view that he would like to make a perma- 
nent record of, he presses a button which allows 
a film containing cassette to spring into the same 
position as the fluoroscopic screen and auto- 
matically a radiographic record is made. Usually 
two separate tubes are used, one under the table 
and one above. Recently complete outfits have 
been manufactured using but one tube which is 
swung on an arm or other more complicated 
support from its under-the-table to its over-the- 
table position or vice versa. 

Most tables are designed so that they can turn 
around an axis from a horizontal to a vertical 
position so that the patient can stand up against 
the table enabling vertical chest pictures and the 
like. The intermediate positions are frequently 
useful. Some tables are turned through their 
various positions by hand, others are motor 
driven. It can be seen that an intricate problem 
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of counterbalancing presents itself to the designer 
of a complete radiographic and_ fluoroscopic 
table unit. 

In fracture cases, operating room examination, 
and bedside examination when it is dangerous 
to move the patient, “‘mobile units’’ are used 
either fluoroscopically or radiographically. In 
these units the tube is mounted on an arm so 
that it has a very flexible range of positions and 
angles. In radiographic use the cassette is either 
held during the exposure or rested on some other 
object such as the bed. Some mobile units have a 
fluoroscopic screen mounted on an arm which 
can be mounted or demounted from the arm 
carrying the tube. Many mobile units have a 
low enough current rating so that the tube and 
transformer can be mounted in the same con- 
tainer although higher rated units have the 
voltage generating equipment mounted on the 
movable carriage and its cable connected to 
the tube. 

Most x-ray tables have a so-called “Bucky 
grid”’ installed. This grid, which we will describe 
in Section 12, is necessary in radiographing 
thick parts of the body in order to stop the bulk 
of scattered radiation from the body of the 
patient from reaching the film. 

Voltage generating equipment used for radi- 
ography, unless it is of the condenser-discharge 
type, is supplied with a timer to control the time 
of exposure. For times from jg sec. up a mechani- 
cal timer is generally used. For times less than 
io sec., used in stopping motion, special timers 
are necessary, usually 
motor. 


using a synchronous 


Special equipment is made and designed par- 
ticularly for the location of foreign objects such 
as swallowed or inhaled needles, pins, buttons, 
etc. Frequently, two tubes and two screens are 
used at right angles to enable accurate depth 
location. 


4, General Nature of Therapy Equipment 


In general, a therapy installation consists of a 
voltage generator, a suitable tube, suitable radia- 
tion protection, a table or other support for the 
patient, a portal system for controlling the size 
and shape of the beam and, frequently, the 
distance of the patient from the tube, and 
filters for influencing the quality and pene- 
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trability of the radiation. Most modern deep 
therapy units have means for oil cooling the 
anode of the x-ray tube by forced oil flow. The 
cooling unit consists of an oil pump and a heat 
exchanger which usually cools the oil by running 
tap water. Most superficial therapy tubes depend 
for their cooling on radiation and conduction to 
the oil in which they are immersed as do most 
radiographic tubes. The grounded tube head 
may be cooled by forced air circulation, running 
water, or natural convection. 

Therapy equipment is generally supplied with 
some sort of a timer either to indicate the dura- 
tion of the dosage or automatically to shut off the 
machine at the end of the treatment time, which 
is usually chosen to be from 1 min. to 20 min. 
depending on the intensity available and the 
dosage to be administered. 


5. Electrical Equipment for Radiography 
and Fluoroscopy 


The voltage generating equipment for radi- 
ography and fluoroscopy is most commonly de- 
signed to supply full wave rectified current. 
Occasionally and especially in fluoroscopy, no 
rectification is emploved, the x-ray tube taking 
the peak voltage of the inverse half cycle. This 
method is called self-rectification. 

In fluoroscopy, only a few milliamperes are 
used in the tube so that even with a very com- 
pact or inexpensive transformer the inverse 
voltage will not be much higher than the direct 
voltage. The high voltage insulation must be 
designed for this peak inverse voltage. This is a 
critical factor on highly competitive relatively 
inexpensive equipment. Sometimes a_ so-called 
“inverse suppressor’’ is used which in principle 
consists in neutralizing the d.c. component of 
magnetic flux in the transformer core that is due 
to the rectified load. This is done by means of a 
low voltage winding supplied with d.c., e.g., 
from a copper oxide rectifier. 

In radiography it is desirable to make an 
exposure involving a given number of milli- 
ampere seconds in a short time at high milli- 
amperes. Full wave rectification is used here in 
order symmetrically to load the transformer and 
to keep high inverse voltage from the tube. 
The rectification is almost always accomplished 
now with oil-immersed rectifier tubes, usually in 


407 


- 
‘ 


the same container as the transformer. The 

power is supplied to the primary of the trans- 
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autotransformer with variable taps to obtain 
various voltages on the tube. The control unit 
usually has a means for regulating the filament 
current of the x-ray tube in order to control the 
milliamperage. The filament power is supplied 
through an insulation transformer to the negative 
high voltage. The rectifier tube filaments are 
heated from current supplied through insulation 
transformers, but once these are properly set no 
further adjustment is necessary. The control 
panel usually has meters to indicate kilovoltage 
and milliamperage. 

In outfits using high voltage cables, the cables 
are usually terminated by long plug type bush- 
ings, enabling easy assembly and replacement. 


6. Electrical Equipment for Therapy 


Several types of generators are used for 
therapy. Diagrammatic circuits for these are 
illustrated in Fig. 1. The types of voltage wave 
forms generated are indicated. The constant 
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potential generator gives the highest output per 
milliampere at the highest penetrability for the 
peak voltage involved. Some tubes show a 
biasing action, that is, the instantaneous current 
is limited by space charge at low instantaneous 
voltage. Such tubes operating on half wave, full 
wave, or Villard circuits will give a higher output 
and better penetrability for the same average 
milliamperage. Sharply biased tubes require very 
high instantaneous peak currents for a given 
average which fact affects the performance of 
transformers and rectifier tubes. 

In cable-connected equipment, much heavier 
cables are needed for usual therapy voltages 
than for radiography and fluoroscopy. Their 
flexibility is less, thereby making tube orientation 
adjustments somewhat stiffer. Non-cable-con- 
nected outfits usually have a limited beam direc- 
tion adjustment either by moving the whole 
transformer and tube container (quite large for 
therapy) or by rotating the tube axially in the 
container and having the portal system syn- 
chronized with the tube motion. 


7. X-Ray Tubes for Radiography and Flu- 


oroscopy 


The modern oil-immersed type radiographic 
and fluoroscopic tube usually consists of a rather 
small glass envelope with a filament on one end 
and a target at the other. The envelope can be 
small because the creepage distance when oil 
immersed is very small compared with that in air. 
The anode is made of copper cast around a 
tungsten face. The filament is tungsten and is 
surrounded by a focusing cup, the dimensions 
and settings of which control the size of the focal 
spot on the tungsten target. The length of the 
actual focal spot is three times its width, but the 
target face is at an angle so that this spot is 
foreshortened to a square when viewed per- 
pendicular to the axis of the tube. 

Radiographic fields have the following common 
sizes, 5X7", 63” <8)", 1012”, 
11°14", and 14”X17". For a large radio- 
graphic field the foreshortening is more than 
three to one on the anode side of the field and 
less than three to one on the cathode side. The 
extreme field on the anode side is sharply cut off 
by the shadow of the target itself. An increased 
foreshortening effect could only be taken ad- 
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vantage of with a small field of view or by in- 
creased distance of the film or screen. Three to 
one is the optimum practical value. Projected 
focal spots come in a variety of sizes as follows: 


Type A 1.5 mm square 
B 2.1 
Cc 3.0 
D 4.2 
E 6.0 


The smaller spots give finer detail but less in- 
tensity due to the reduced milliamperage neces- 
sary to keep from overheating the focal spot. 
Some tubes are made with a double focal spot. 
They have two filaments, either of which can be 
switched on. 

The heat generated at the target is partially 
radiated but mostly conducted to the oil through 
the copper anode. This usually has an extension 
into the oil to increase the surface of contact. 
The oil is cooled from the outside of the tube 
head. The tube head has one or more sylphon 
bellows on it to take up the change in volume of 
the oil as it is heated and cooled. Usually some 
lead protection is built into the tube head and a 
re-entrant window goes up rather close to the 
tube so that the beam does not have to go 
through a lot of oil to get out. 

There are considerably different designs of 
tubes and tube heads of foreign origin that are 
used somewhat in this country. These tubes 
have a grounded metal center section and a 
special glass window sealed onto it where the 
beam comes out. 

Tubes are supplied with rating charts showing 
the maximum permissible loading and frequency 
of loading for different operating conditions. 
Large size spots are often used for superficial 
therapy. Recently, rotating anode tubes have 
become accepted by the radiological profession. 
In these tubes, the anode is a tungsten disk that 
is rotated during the exposure at high speed by 
an induction motor. The rotor of the induction 
motor is supported on bearings inside the tube. 
The lubrication of the bearings in the vacuum is 
rapidly being improved by various methods. 
Because of the high speed of rotation, fresh 
tungsten surface is continually exposed to the 
focal spot during a very short exposure. This 
enables much higher milliamperages to be used 
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without melting the tungsten. Rotating anode 
tube exposures are commonly taken at 1/60 sec., 
1/30 sec., and 1 20 sec. at 200 to 500 milli- 
amperes, used principally to stop chest and 
heart motion. Special timers are required to get 
predictable and reproducible results at these 
speeds. A timer using ignitron tubes has been 
successfully developed for this purpose. 


8 X-Ray Tubes Used for Therapy 


Radiation cooled therapy tubes are used occa- 
sionally. Most deep therapy tubes are cooled by 
a forced flow of oil in the anode. Oil is used so 
that it can be pumped from ground potential to 
the high potential anode. Water would be much 
more efficient if it were a good enough insulator. 

The targets of therapy tubes are like those of 
radiographic tubes but larger. The actual focal 
spot is usually 3 em X1 ecm and the projected 
spot is 1 em square. Some tubes, especially those 
designed for operation at 400 kv, have a hood 
around the anode to catch secondary electrons 
emitted by the target and prevent them from 
striking the glass. Some 200-kv tubes are made 
with a projected spot 5 mm square for use in 
industrial radiography. Tube heads for therapy 
tubes are sometimes radiation-protected by 
spraying metallic lead on them and tapering off 
the thickness toward the ends in order to keep 
the total weight to a minimum for adequate 
protection. Forced flow oil cooled tubes have no 
sylphon bellows on them, the thermal expansion 
and contraction of the oil being taken up at the 
oil cooler. 


9. Mechanical Equipment 

We will not discuss the intricate mechanical 
problems in the design of tube stand, tables, etc., 
except to state that certain counterbalancing 
problems have been successfully solved with a 
spiral spring counterbalance. In order that the 
spring exert an approximately constant counter- 
balancing force independently of how much it is 
wound up, the lever arm is varied by means of a 
groove on a conical face in which a cable runs. 
When spring counterbalancing can be used, it is 
advantageous in that the starting and stopping 
inertia of the system is not much more than half 
of what it would be with gravity counter- 
balancing. 
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10. Luminescent Screens 


The luminescent substance of the common 
fluoroscopic screen is an intercrystalline zinc- 
cadmium sulphide phosphor, activated with 
silver and its phosphorescent afterglow quenched 
with very minute amounts of nickel. The use of 
cadmium with the zinc shifts the maximum in- 
tensity into the yellow green where the eye is 
most sensitive. Rather coarse crystals of the 
sulphide are fastened to a backing with an ad- 
hesive by a procedure in which no adhesive 
covers the outer surface of the crystals. The 
screen is mounted in a frame and covered with 
a glass with a high lead content so that x-rays 
transmitted through the screen will be shielded 
from the observer. The sensitivity of the com- 
bined system of this screen and the dark adapted 
eye is very great. Because of the logarithmic re- 
sponse of the eye, the weak intensities show up 
out of all proportion to what they do in 
radiography. 

In radiography, although frequently pictures 
of the limbs and thin sections are obtained in a 
reasonable time without intensifying screens, it 
is common to decrease greatly the exposure time 
by sandwiching a double emulsion film between 
two intensifying screens. The luminescent sub- 
stance of these screens is almost always calcium 
tungstate which gives off a very photographically 
active blue fluorescence. These intensifying 
screens are supplied in three different size par- 
ticles, the smaller crystals giving higher detail but 
less speed. The screen is coated with a varnish 
for protection as it must be pressed in intimate 
contact with the emulsion of the film. A blue- 
fluorescing, silver-activated, zinc sulphide screen 
is on the market which enormously increases the 
speed at low voltages such as in diffraction work, 
but it is not much faster at the usual higher 
radiographic voltages where speed would have 
importance. It is also too coarse grained for some 
photographic work. 

According to theories of luminescence, an x-ray 
quantum absorbed or scattered from the screen 
material ejects either a high speed photoelectron 
or a recoil electron. These fast electrons lose 
energy in the semiconducting crystals which 
compose the luminescent substance, thereby 
lifting a large number of electrons across the 
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forbidden band and leaving a large number of 
positive holes which are quickly captured by 
impurity centers. The electrons then fall back 
into the positively charged impurity centers, 
emitting visible light in the process. Thus, if 
there is too much photoelectric absorption in 
the screen, most of the quantum energy is used 
in lifting the electrons from a K or an L level, 
thereby leaving little kinetic energy to liberate 
conduction electrons from the full band. If the 
total absorption is too low, not much energy is 
left to be converted. For a given voltage range 
there is then an optimum atomic number of 
screen material for maximum efficiency of con- 
version. But there is little choice of atomic 
numbers of efficient luminescent substances. The 
zine and cadmium sulphide screens give mostly K 
electrons while the tungstate screens give mostly 
L electrons in the usual radiographic voltage 
ranges. 


Il. X-Ray Film 


Ordinary x-ray film is made on a cellulose 
acetate base to reduce fire risks in filing and 
storage. It is coated on both sides. The emulsion 
has extremely high speed and contrast along 
with large grain size. The threshold intensity is 
an appreciable fraction of the registering inten- 
sities so that in contrast to fluoroscopy, weak in- 
tensities and stray effects do not register with a 
properly chosen exposure. Screenless films are 
made having extra thick emulsions. 

Darkroom and developing equipment is specifi- 
cally designed for handling x-ray films. In many 
hospitals and offices there are arrangements so 
that developed and fixed films can be viewed 
while still wet for rapid diagnosis within a few 
minutes of taking a picture. Films are viewed by 
illumination for specially made illuminators con- 
sisting of diffusing glass and fluorescent lamps. 
Since the introduction of fluorescent lamps the 
film and illuminators keep cool even though the 
light is left on indefinitely. 


12. Scatter Eliminating Devices 


In radiographing thick parts of a patient's 
body such as the abdomen it is essential in order 
to get a good picture to keep the bulk of the 
radiation scattered from the patient’s body from 
reaching the film. This is most commonly accom- 
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plished by means of a ‘‘Bucky grid.”’ This is a 
built-up grid of spaced lead foil strips such that 
they are lined up with the focal spot as shown in 
Fig. 2. The direct beam is only slightly blocked 
by the strips while scattered radiation will 
mostly strike them at an angle and be absorbed. 
In order that the strips themselves do not form a 
shadow pattern on the film, the whole grid is 
moved during the exposure in a direction at 
right angles to that of the strips. The motion is 
generally produced by a spring pushing against a 
hydraulic damper, a valve on which can be regu- 
lated to control the speed. A catch holding the 
spring is released just before the exposure is 
made. This is generally satisfactory except at 
the extremely high speeds used with rotating 
anode tubes, in which case it is hard to get rid 
of visible grid patterns on the picture due to the 
inherently low speed of the heavy grid. 

Stationary thin grids are furnished which have 
about 50 lead strips per inch. This wafer grid is 
about 75 in. thick. Such a grid gives a fine- 
grained line structure to the picture, this not 
always being objectionable. 

When a Bucky grid is built into a table the 
motion of the grid during the exposure is at 
right angles to the length of the table and the 
lead strips run lengthwise with the table. This 
enables spinal column and other pictures to be 
taken with the axis of the beam at an angle to 
the film, the angular displacement from the 
vertical being in a direction lengthwise of the 
table. The beam in any other angular displace- 
ment would be cut out completely by the grid 
strips. 


13. Contrast Media in Radiography and 
Fluoroscopy 

Many techniques have been developed to ob- 
tain greater contrast in radiographing various 
parts of the body than that obtained by the 
natural differences in absorption. In many cases 
parts are entirely invisible without these methods. 
The digestive tract is examined by getting the 
patient to swallow a suspension of barium sul- 
phate, a very radiopaque substance. lodized 
poppyseed oil and other iodized oils are run into 
the lungs and other body cavities, and injected 
into the spinal column. The high atomic number 
iodine gives a high absorption. The kidneys are 
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made visible by injecting a soluble iodide into 
the blood stream. The kidneys remove the iodide 
very rapidly. If a picture is taken within a short 
time after the injection, the outlines of the active 
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parts of the kidneys become visible. Some non- 
poisonous organic iodine compounds are absorbed 
by the liver and secreted to the gall bladder, 
thus making its outline visible. The outlines of 
the ventricles of the brain are made visible by 
removing cerebrospinal fluid from them and 
filling them temporarily with air. The air is 
gradually dissolved away in the body fluids and 
new fluid is secreted. Colloidal opacifiers such as 
thorium dioxide are occasionally used in the 
blood. The colloidal particles are taken up by the 
reticulo-endothelial cells. Air injections into the 
tissues are sometimes used. 


14. Section Focusing Methods 


Equipment is being manufactured and coming 
into wider use for making radiographs by moving 
the tube and the film during the exposure in 
such a relationship that the shadows of various 
parts of the body, except those in one plane, are 
smeared out. Such pictures in certain cases show 
better detail in the particular section chosen than 
ordinary radiograph, especially as much of the 
smeared-out exposure will not show on high 
threshold, high contrast film. 
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15. Radiation Protection in Radiography 
and Fluoroscopy 


The radiation dosage received by a patient in 
ordinary radiographic procedures is small. In 
protracted fluoroscopy it might be possible for a 
patient to receive a considerable portion of a so- 
called erythema dose, i.e., a dose that will show a 
reddening of the skin some days after the 
exposure. 

It is common to place an aluminum filter, 
usually 1 mm thick, in the beam on the sup- 
position that this filter removes much of the 
softer radiation which is more effective in pro- 
ducing a skin erythema and is not useful for 
penetration. In most cases the inherent filtration 
of the tube wall and window removes most of 
the very soft radiations, but the aluminum is 
used as an added factor of safety. Because of the 
almost complete radiation protection to the 
doctor possible with a relatively small amount of 
lead judiciously placed in or around a_ shock- 
proof tube head, it is becoming less common to 
install such equipment in lead-lined rooms. A 
small amount of scatter from the patient and 
other objects in the beam is unavoidable, but 
is usually very small. 

In fluoroscopy the doctor is principally pro- 
tected by the lead glass over the fluoroscopic 
screen, but should be more wary of scattered 
radiation effects than in radiography. Manipula- 
tive procedures are commonly performed on the 
patient while he is being fluoroscoped. The 
doctor, in such cases, wears heavy rubber gloves 
in which the rubber is loaded up with a lead 
compound. Other objects of apparel can be ob- 
tained in lead rubber, such as aprons. 


16. Radiation Protection in Therapy 


Radiation used in therapy is much more 
penetrating and used in much higher intensities 
than in radiography. A lead-lined or thick con- 
crete-walled treatment room is usually used even 
though the tube head protection is very good. 
Lead glass windows or occasionally periscopes 
are used for viewing the patient while he is 
being treated. A successful window in very high 
voltage therapy is a glass vessel filled with a 
solution of a salt of a heavy metal. 
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17. Dosages and Dosage Measurement in 
Therapy 


Much effort has been put into the establish- 
ment of a rational system dosage measurements 
in therapy. We cannot go into full details here. 
The roentgen unit, commonly abbreviated to r 
unit, is a time-integrated intensity unit which 
seems to be most satisfactorily defined by the 
fact that its associated corpuscular emission pro- 
duces 1 e.s.u. of ion pairs in 0.001293 g¢ of air 
(1 cm* under standard conditions). 

Therefore, any ionization that might be caused 
by scattered radiation originating in the volume 
considered is not counted; but if the range of 
secondary recoil electrons originating in this 
volume is sufficient to leave the volume, their 
complete ionization must be counted. In practice, 
in this latter case, it is almost always possible to 
arrange the region from which ions are collected 
so that any electron paths originating in it and 
terminating outside are just compensated for by 
electrons coming from other regions and passing 
through or terminating in it. This holds for a 
small thimble chamber with a wall of low enough 
atomic number so that it has negligible photo- 
electric absorption in the voltage range in which 
it is used. 

In practice, calibration and dosage measure- 
ment is done with a thimble ionization chamber 
in conjunction with an electroscope, usually built 
in the same unit. This unit is calibrated by 
means of an open-air chamber made to come as 
close to the conditions of the fundamental 
definition as possible. Dosages are most com- 
monly expressed by the r units measured at the 
position of the patient’s skin when the patient is 
removed. Due to backscatter from the patient 
the reading of the ionization chamber will be 
greater if it is placed against the patient’s skin. 
Some doctors prefer measuring dosage including 
the backscatter because of the fact that the 
erythema dose when so measured is much less 
dependent on voltage, portal size, and the par- 
ticular part of the patient treated. When meas- 
ured without backscatter, the erythema dose at 
radiographic and fluoroscopic voltages is in the 
neighborhood of 250 r units, at 200 kv with }-mm 
copper filter, it is in the neighborhood of 450 r 
units and for radium it is somewhere around 
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1000 r units. For a large port and thick patient, 
the backscatter is in the neighborhood of 30 
percent to 40 percent at 200 kv and drops to 
roughly 10 percent to 20 percent in the highest 
therapy voltage ranges. 200-kv therapy tubes 
are commonly calibrated with 3-mm Cu filter 
added to the intrinsic filtration of the tube and 
at a distance of 50 cm from the focal spot. 

Penetration of deep therapy radiation is com- 
monly measured by the ‘depth dose.” This is 
determined with a phantom of low atomic 
number material of density 1.00 (water or 
‘“‘Pressdwood"’) as the percentage that the reading 
of a thimble chamber immersed at 10 cm in the 
phantom is of the surface reading (including 
backscatter). At 200 kv the depth dose for a 
large portal runs in the neighborhood of 35 
percent and increases at first rapidly and then 
more slowly to the neighborhood of 60 percent 
at the highest therapy voltages. 

The depth dose is, so far, the only definite 
physical criterion we have for the difference in 
effect of different voltage radiations. For deep 
therapy it is desirable to get the most energy 
absorbed at a depth for a given destructive effect 


at the surface. Treatment directed at the same 
region through several portals of entry is quite 
often used. Different schools of thought exist as 
to whether the radiation should be administered 
in small amounts at a sitting or in massive doses. 
The ability of a sub-erythema dose to contribute 
to a total dosage producing erythema wears off 
approximately 7 percent per day. Different 
tissues have greatly different radio-sensitivities. 
It is generally thought nerve and muscle tissues 
are very radio-resistant. [Evidence has been 
recently forthcoming that this is not so for the 
former at least. Lymphatic tissue is probably the 
most radio-sensitive. 


18. Conclusion 


We have described in a general way most of 
the x-ray equipment used in medicine. There also 
are minor accessories and devices made to aid the 
radiologist. Radiology at present is far more of 
an art than a science and its successful accom- 
plishment depends mostly on the skill and 
experience of the radiologist although the aid of 
manufactured equipment and physical devices is 
essential. 


X-Ray Analysis in Industry 


HE English Journal of Scientific Instruments, published by the Institute of Physics, Lon- 

don, will devote a number of issues to papers on this subject probably commencing with 
the current issue. Quoting from a Foreword by Sir Lawrence Bragg, President of the Institute: 
“The papers on the application of x-ray analysis to technical problems, which are now being 
published by the Institute of Physics in this Journal, represent an attempt to meet a widely 
expressed desire for closer collaboration and sharing of experience between those research 
workers in industry and the universities who are interested in this subject. X-ray analysis is 
carried out in many laboratories in this country, and the various groups of workers have 
developed improved methods and discovered new applications. Although descriptions of some 
of these methods and applications have been published from time to time, it is felt that a series 
of papers in which they are summarized will be of general interest.” 


There will be about 22 papers in the series devoted to such subjects as: characteristics of the 


solid state as determined by x-ray analysis, applications to alloys, determination of crystal 
size and orientation, submicroscopic structures, etc. The papers deal with technique and 


interpretation. 
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Here and There 


Hardening of Metals 


A conference on the hardening of metals is to be held at 
the University of Pennsylvania on May 16 and 17, 1941 
under the auspices of the Department of Physics, Uni- 
versity of Pennsylvania, and the Philadelphia Chapter of 
the American Society for Metals. 


Friday, May 16, 3:00 p.m. Auditorium John Harrison Laboratory of 
Chemistry 

Chairman: Dr. W. J. Diepericus, Autocar Company 

Co-Chairman: Dr. G. P. HARNWELL, niversity of Pennsylvania 

1. The General Concept of Metals. Dr. W. SuockLey, Bell Telephone 
Laboratories. 

2. The Basic Problems of the Deformation of Metals. Dr. S. L. Hoyt 
Battelle Memorial Institute. 
Friday, May 16, 8:30 p.m. Auditorium Houston Hall 

Chairman: Dr. P. D. Merica, International Nickel Company 

Co-Chairman: Dr. H. B. ALLEN, Franklin Institute 

3. The Hardening of Iron. Proressor R. F. MEHL, Carnegie Institule 
of Technology 

4. Precipitation Hardening. Dr. W. L. Fink, Aluminum Company 
of America. 
Saturday, May 17, 10:00 a.m. Auditorium Houston Hall 

Chairman: Mr. NORMAN Mocue., Westinghouse Company 

Co-Chairman; Dr. Hiram LUKENS, L'niversity of Pennsylvania 

5. Hardening by Alloying Agents. Dr. S. SinGcer, Westinghouse 
Research Laboratories. 


6. Hardening by Cold Work. Prorressor G. Sacus, Case School of 


Applied Science. 

Saturday, May 17, 2:00 p.m. Auditorium Houston Hall 
Chairman Mayor L. S. Frercuer, Frankford Arsenal 
Co-Chairman: Dr. L. THompson, Naval Proving Ground, Dahlgren 
7. X-Rays and Hardening. Proressor C. S. Barrerr, Carnegie 

Institute of Technology. 


8. The Strength of Metals in High Speed Deformation. Dr. A. Navat 
Westinghouse Research Laboratories. 


An informal dinner will be held Friday night in the 
West Lounge of Houston Hall at six o’clock for attendants 
at the conference. Dinner tickets may be obtained for 
$1.50 at the registration desk in the John Harrison Labora- 
tory of Chemistry up to the close of the Friday afternoon 
session. 

Dr. T. S. Gates, President of the University of Pennsyl- 
varia, will welcome members of the conference to the 
University. 

Dean Bradley Stoughton, of Lehigh University, Presi- 
dent of the American Society for Metals, will speak on: 
Metals in Defense. 


* 


Conference on Molecular Structure 


A Conference on Molecular Structure is scheduled in 
the Graduate School of Ohio State University during the 
first week of the summer quarter, from June 25 to June 28, 
1941. The general plan for each day of the Conference 
provides for the reviewing of a given topic in the field 
by a member of the staff of Ohio State University and, 
after time for discussion, the reading of papers by invited 
speakers on recent research along that line. Topics and 
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speakers for the four days follow: 


Wednesday, June 25. The Electronic Structure of Molecules. 
Proressors L. H. Tuomas, Ohio State University; G. HERZBERG, 
University of Saskatchewan; AND ROBERT MULLIKEN, L’niversity of 
Chicago. 

Thursday, June 26. Rotation-Vibration Spectra. 

Proressors H. H. Niecsen, Ohio State University; D. DENNISON, 
University of Michigan; AND G. HERZBERG, Lniversity of Sas- 
katchewan. 

Friday, June 27. Thermodynamic Properties of Molecules. 
Proressors H. L. Jounston, Ohio State University; E. Bricut 
Witson, Harvard University; ANnb L. H. Tuomas, Ohio State Uni- 
versily. 

Saturday, June 28. Large Molecules. 

Dr. E. Mack, Battelle Memorial Institute; AND PRoressoR HENRY 
EyrRinG, Princeton University. 


The conference will be open without fee to any who 
wish to attend it and anyone who desires to do so is 
invited to take part in the discussions. 


* 


Plan World’s Largest Radio Laboratories 


The world’s largest radio research laboratories will be 
built by the Radio Corporation of America, at Princeton, 
New Jersey, David Sarnoff, President of RCA, announced 
recently. It will be known as “RCA Laboratories,’’ and 
will be the headquarters for all research and _ original 
development work of RCA, and for its patent and licensing 
activities. The new organization is planned to promote 
the growth of radio as an art and industry, and to meet 
the expanding demands of national defense. A further 
purpose, Mr. Sarnoff said, will be to facilitate the creation 
and development of new radio products and services 
which will provide new business and new employment for 
the post-war period. Under the impetus of emergencies 
intensive research creates new instrumentalities, and 
further research and development are necessary to adapt 
them to use by the public. 

“To equip our research staff with the best and most 
modern facilities and conveniences, we have purchased a 
large tract of land at Princeton,’’ Mr. Sarnoff stated, 
“upon which we will erect a laboratory building which 
will include a lecture auditorium and the combined 
technical and patent libraries of the RCA organization. 
We hope to have the building completed before the end 
of this year.” 

Otto S. Schairer, heretofore Vice President in Charge of 
the Patent Department, will be Vice President in Charge 
of RCA Laboratories, which will include the Patent 
Department. 

Ralph R. Beal, Research Director, will have general 
direction of all research and original development. 

Dr. C. B. Jolliffe, who has been in charge of the RCA 
Frequency Bureau, has been made Chief Engineer, and 
will direct and coordinate the broad engineering policies. 

E. W. Engstrom will be Director of the Princeton 
Laboratories, with Dr. V. K. Zworykin and B. J. Thompson 
as Associate Directors. 

Dr. Harold H. Beverage will be Director of Communi- 
cations Research in charge of the Long Island Laboratories 
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at Riverhead and Rocky Point, which will be continued 
at those locations. 

Arthur Van Dyck will be Manager of the Industry 
Service Section of the new organization and will continue 
in charge of service to licensees of RCA. 

The chief engineers of the RCA companies—O. B. 
Hanson, National Broadcasting Company; E. W. Ritter, 
RCA Manufacturing Company; C. W. Latimer, RCA 
Communications, Inc.; and I. F. Byrnes, Radiomarine 
Corporation of America—will be members of a Research 
Consulting Board. 

General supervision over the research activities will also 
be exercised by an Executive Board consisting of Messrs. 
Sarnoff, Chairman, Schairer, Beal and Jolliffe, and the 
executive heads of the RCA companies, G. K. Throck- 
morton, RCA Manufacturing Company, Inc.; Niles 
Trammell, National Broadcasting Company; W. A. 
Winterbottom, RCA Communications, Inc.; and Charles 
J. Pannill, Radiomarine Corporation of America. 


* 


Ninth Summer Program on Spectroscopy 


A Spectroscopy Conference, courses in practical spectro- 
scopy, and spectroscopic research will mark the scope of 
the Ninth Summer Program on Spectroscopy and Its 
Applications, sponsored by the George Eastman Research 
Laboratories, Massachusetts Institute of Technology, 
Cambridge, Massachusetts, according to an announcement 
recently distributed. The Conference, designed “‘to promote 
cooperation among workers in various scientific and 
industrial fields who have found useful the technical 
methods of spectroscopy,”’ is scheduled for July 21-23, 
1941. A series of papers and discussions is being prepared 
on the following topics, among others: analysis by the 
emission spectrum; absorption spectrophotometry; photo- 
graphic photometry; industrial applications of spectro- 
scopy; biological and chemical effects of spectral radiation; 
and analysis of spectra and measurement of wave-lengths. 
Requests for information regarding the Spectroscopy 
Conference and its program, should be addressed to: 
Professor G. R. Harrison, Department of Physics, Massa- 
chusetts Institute of Technology. 


* 


National Research Fellowships 


The following National Research Fellows in the natural 
sciences have been recently appointed. The name of each 
appointee is followed by the school at which he received 
his Ph.D. degree, the date of its receipt, and the institution 
which is the fellow’s first choice for his advanced study. 

Sidney Michael Dancoff, University of California, 1939, 
Princeton University; Walter Gordy, University of North 
Carolina, 1935, California Institute of Technology; Morton 
Henry Kanner, Princeton, 1940, University of Wisconsin; 
George E. Valley, Jr. (reappointed), University of Roches- 
ter, 1939, Harvard University; and Valney Colvin Wilson, 
University of Chicago, 1938, University of California. 
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Mathematical Biophysics 


The June, 1941, issue of the Bulletin of Mathematical 
Biophysics, edited by N. Rashevsky and published by the 
University of Chicago Press, will contain the articles 
listed below, the Editor announces: 

Weber’s Theory of the Kernleiter, by ALVIN M. WEINBERG; 

Dynamics of Cell Constriction During Division, by N. RASHEVsky; 

Theory of Steady-State Activity in Nerve-Fiber Networks: I. Definitions 
and Preliminary Lemmas, by ALSTON S. HOUSEHOLDER; 

Studies in the Mathematical Biophysics of Discrimination and Con- 


ditioning: II. Special Case: Errors, Trials, and Number of Possible 
Responses, by H. D. LANDAHL; 


* 


Physics of Metals Session 


Continuing the policy of previous years, the Department 
of Physics at the University of Pittsburgh has arranged a 
special session on “Physics of Metals,’’ from June 16 to 
July 25, in which physicists and metallurgists will coop- 
erate in lectures and discussions on recent progress in the 
physics of metals and possible applications in the field of 
metallurgy. In addition to weekly colloquiums on topics 
of especial interest, the following formal courses will be 
offered: 

Elementary Quantum Mechanics, RonaLp W. GuRNEY of Bristol, 
England. 

Vibrations in Crystals, Jean Jacgues WEIGLE of Geneva, Switzer- 
land. 

Ions in Solution, RONALD W. GuRNEY. 

Electronic Structure of Metals, C.S. Smirn, Jr., University of Pitts- 
burgh. 


Recent Advances in Metals, E. P. MiILter of Purdue, W. M. Cavy 
of Cornell, H. R. NELSON of Battelle Memorial Institute, R. A. SAWYER 
of Michigan, and D. Smitu of Aluminum Co. of America. 


Light, Color and Illumination, W. N. Sr. Perer, University of Pitts- 
burgh. 

Spectroscopic Analysis of Metals, M. FE. WarGa, University o 
Pittsburgh. 

X-Ray Analysis of Metals, S. S. Sipnu, University of Pittsburgh. 


* 


University of Chicago Summer Session 


Marking the fiftieth anniversary year of the institution 
which originated the summer quarter practice, the Uni- 
versity of Chicago’s 1941 summer program, embracing 
more than 600 courses and 12 special institutes and 
conferences under the guidance of 450 faculty members, 
was recently announced by Director Carl F. Huth. 
Special lectures and conferences on national defense 
topics, in addition to nine ‘‘workshops,”’ ranging from 
child development to college library administration, also 
are scheduled. Registration for the first term opens June 
21. Following the summer quarter, the University will 
hold an academic festival from September 26 to 29. 

Among the thirty-two visiting professors and lecturers 
for the University of Chicago’s summer school will be 
Linus Pauling, Professor of Chemistry, California Institute 
of Technology; John A. Wheeler, Professor of Physics, 
Princeton University; and Edward Teller, Professor of 
Physics, George Washington University. 
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Contributed Original Research 


Electron Diffraction Observations of Surface Reaction of Hydrogen Selenide on 
Zinc Oxide 


M. L. FULLER AND C. W. SILLER 
Research Division, The New Jersey Zinc Company (of Pennsylvania), Palmerton, Pennsylvania 


(Received February 11, 1941) 


The reaction of hydrogen selenide and pigment zinc 
oxide at room temperature has been investigated, using 
electron and x-ray diffraction as a means of examining the 
reaction product. It was found that hydrogen selenide 
reacts with zinc oxide to form zinc selenide as a coating 
around the zinc oxide particles. After approximately one- 
tenth of the zinc oxide is converted to zinc selenide by this 
surface reaction, the resulting coating of zinc selenide 
prevents the continuance of the reaction. Since the effec- 
tive depth of penetration of electrons under the conditions 


URING the course of the study of the 
reaction of gaseous hydrogen selenide with 
zine oxide powder, interesting observations were 
made by electron diffraction. These studies are 
of value from the standpoint of the gas-solid reac- 
tion and the physical and chemical structure of the 
reaction product and also as an example of the 
applicability of the electron diffraction method 
to the study of the surfaces of fine particles. 

When hydrogen selenide is allowed to react 
with zinc oxide at room temperature, the white 
zine oxide pigment takes on a yellow color. The 
reaction stops when the zinc oxide has acquired a 
selenium content of approximately six percent 
for the particular samples of zinc oxide employed 
in this investigation. The most likely course of 
the reaction between hydrogen selenide and zinc 
oxide would be to form zine selenide and water 
(H.Se+ZnO—ZnSe+H,.0). If this reaction is 
carried to completion, the resulting solid phase, 
zine selenide, would have a selenium content of 
54.8 percent. 

Examination of the reaction product by elec- 
tron and by x-ray diffraction discloses that this 
reaction does, indeed, take place but the reaction 
is prevented from going to completion by the 
formation of a coating of zinc selenide about each 
zine oxide particle. 
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of electron diffraction is much less than the average di- 
ameter of the pigment particles used in this investigation, 
the electron diffraction photograms necessarily arise largely 
from the particle surfaces. For this reason electron diffrac- 
tion was successfully used to demonstrate that the reaction 
proceeded in the manner described. The paper illustrates 
the applicability of electron diffraction to the general 
problem of the examination of the surfaces of pigment 
particles. 


A description of the procedure for carrying out 
the reaction and a discussion of the electron 
diffraction results and their interpretation follow. 


PROCEDURE FOR EFFECTING THE REACTION 


The reaction was effected by passing hydrogen 
selenide through pure zinc oxide packed in a 30- 
mm diameter glass tube. The reaction took place 
at room temperature. Progress of the reaction 
could be followed easily; a sharp boundary 
existed between the lemon-yellow reacted ma- 
terial and the white unreacted zinc oxide. The 
resulting material was dried at 100°C. 

The hydrogen selenide was prepared by passing 
dry hydrogen over selenium at about 500°C.! The 
resulting gas was cooled to room temperature and 
the condensed selenium was removed by a dust 
trap. The zinc oxide used was spectroscopically 
pure-and was made by boiling pure zinc and 
allowing the vapor to oxidize in clean air. 


EXAMINATION OF REACTION PRODUCT 


X-ray examination was made by the powder 
method. The powder to be examined was placed 
in a thin-walled glass capillary tube and its 


1 J. W. Mellor, A Comprehensive Treatise on Inorganic and 
Theoretical Chemistry (Longmans, Green and Co.), Vol. X, 
p. 758. 
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diffraction pattern was photographed with filtered 
molybdenum x-radiation. 

Electron examination was made by the reflec- 
tion and also by the transmission technique using 
40-kv electrons in an electron diffraction camera, 
a description of which has been published.? The 
original qualitative aspects of the problem were 
investigated by the reflection technique with the 
pigment pressed onto the surface of a metal 
block. Recently, Dr. D. G. Brubaker, of this 
laboratory, has made quantitative lattice meas- 
urements by the transmission technique with the 
pigment mounted in a thin layer on a thin 
organic membrane. 

Determination of the selenium content was made 
by chemical analysis. 


RESULTS 


The product of the reaction of hydrogen 
selenide and zinc oxide was yellow in color. The 
particular sample to be discussed in detail here 
was found to contain 6.4 percent selenium. By 
X-ray examination this pigment appeared to be 
mostly zinc oxide, the x-ray pattern of zinc 
selenide being very faint, and that of zinc oxide 
very strong. This was to be expected since the 
maximum amount of zinc selenide that could be 
present was 11.7 percent (equivalent to 6.4 
percent Se). Electron examination, on the other 
hand, indicated that zinc selenide was the major 
constituent and zinc oxide, the minor constituent. 
It is concluded from this that the zinc selenide 
must exist as a coating on the surface of the zinc 
oxide particles. The zinc oxide particles have an 
average diameter of 0.25 micron. Since the 
maximum thickness of zinc oxide that 40-kv 
electrons can penetrate without losing velocity is 
approximately 0.05 micron, it follows, therefore, 
that the electron diffraction pattern arises from 
the diffraction of electrons passing through the 
outer layer of the particles only, such that the 
maximum path of the electrons through the 
particle is not over 0.05 micron. The electron 
examination of the zinc oxide-hydrogen selenide 
reaction product indicates, therefore, that the 
outer layer of the particle is largely zinc selenide. 
The results of x-ray and electron examination, 
coupled with the fact that the reaction reaches an 


2M. L. Fuller, Metals and Alloys 10, 85, 122 (1939). 
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abrupt end when only about one-tenth of the zinc 
oxide has been converted to zinc selenide, indi- 
cate very definitely that the reaction product 
consists of zinc oxide particles coated with zinc 
selenide. 

Heating the reaction product in air at tempera- 
tures up to 250°C causes no change in color, 
selenium content or appearance of the x-ray and 
electron diffraction photograms. Heating in air at 
300 or 350°C causes the yellow color to change to 
a light chocolate brown color. At the same time 
the selenium content decreases and the zinc 
selenide becomes the minor constituent on the 
electron photogram, and zinc oxide becomes the 
major constituent. Only zinc oxide can be de- 
tected on the x-ray photogram. One sample, for 
example, contained 6.4 percent Se originally and 
after heating one hour at 300°C the selenium 
content was reduced to 5.9 percent. This is a 
relatively small loss of selenium considering the 
decided change in the electron diffraction photo- 
gram and the definite change in color. It is 
believed that much of the zinc selenide has 
oxidized or otherwise decomposed. The products 
of oxidation or decomposition are not evident, 
however, by the x-ray and electron examination. 
Heating one hour at 350°C in air causes a further 
reduction of selenium content to 4.4 percent and 
renders the zinc selenide barely detectable on the 
electron photogram. Heating one hour at 450°C 
in air reduces the selenium content to 2.5 percent 
and the zinc selenide cannot be detected by 
x-ray or electron examination. After this heating 
the pigment has lost its color and is white. It 
seems likely that the zinc selenide oxidizes to zinc 
oxide and selenium dioxide. The latter sublimes 
at temperatures above 250°C, thus causing the 
decrease in selenium content. 

The theory that the change accompanying 
heating results from oxidation is further sup- 
ported by the fact that heating at 450°C in an 
evacuated sealed tube or in nitrogen at one 
atmosphere causes no change in color and no 
change in structure as revealed by electron and 
X-ray examination. 

Accurate measurements by the electron trans- 
mission technique show that the zinc selenide 
coating and the zinc oxide core have the same 
crystal structure and lattice dimensions as they 
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have as individuals, thus indicating that there is 
no solid solution or chemical combination be- 
tween the zinc selenide and zinc oxide. 

Reproductions of two of the electron diffraction 
photograms are shown in Fig. 1. Photogram A is 
of the sample heated one hour at 450°C in a 
vacuum. In this photogram, the zinc selenide 
pattern is the more prominent relative to the 
zinc oxide pattern. This material, like the original 
unheated material, consists of zinc oxide particles 
coated with zinc selenide. Photogram B is of the 
sample heated one hour at 350°C in air. In this 
material much of the zinc selenide is oxidized and 
the zinc oxide pattern predominates with the zinc 
selenide pattern showing faintly. 

The observations on the several specimens 
mentioned in this paper are tabulated in Table I. 
A number of similar specimens were prepared and 
studied in this investigation, the ones presented 
below are regarded as typical. 


DISCUSSION OF THE ELECTRON DIFFRACTION 
METHOD OF STUDYING PARTICLE SURFACES 


Thomson and Cochrane in their recent book’ 
calculate that the mean free path of 30,000-volt 
electrons in a solid is approximately 0.04 micron. 


TABLE I. Reaction product of hydrogen selenide and zinc 


oxide. 
| 
| Inpications or Dirrraction 
| EXAMINATION 
| |Per-| Exectron | X-Rar 
SPECIMEN AND | CENT PHASE 
TREATMENT Covor | Se Major! Mrvor| Masor| Minor 
Original—-unheated Yellow | 64 ZnSe | ZnO | ZnO ZnSe 
Heated 1 hr, 250°C in air | Yellow | 6.5 | ZnSe | ZnO | ZnO | Znde 
Heated 1 hr. 300°C in air | Light | 
chocolate | 
brown 5.9 | ZnO | ZnSe ZnO | None 
Heated 1 hr. 350°C in air | Light 
chocolate | 
brown 44 | ZnO | ZnSe | ZnO None 
Heated 1 hr. 450°C in air | White | 29 | ZnO | None | ZnO | None 
Heated 1 hr. 450° C in 
vacuum Yellow | 64 ZnSe | ZnO | ZnO | ZnSe 
| 


If one assumes for the experiments in this paper, 
where 40,000-volt electrons were used, that the 


mean free path is 0.05 micron, some interesting ° 


speculations can be made concerning the study 
by electron diffraction of the surfaces of pigment 
particles. If it is assumed that the particles are 
spheres of a uniform diameter of 0.25 micron, it 


5G. P. Thomson and W. Cochrane, Theory and Practice 
of Electron Diffraction (Macmillan Company, Ltd., London, 
1939), p. 100. 
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may be calculated that the surface shell available 
for electron diffraction is 0.003 micron thick, 
measured radially. As a matter of fact, however, 
the zinc oxide particles used here are neither 
spherical nor uniform in size but have merely an 


ZnO 
—--—ZSe and ZnO 


Fic. 1. A—Zinc selenide coated zinc oxide heated one 
hour at 450°C in vacuum. B—Zinc selenide coated zinc 
oxide heated one hour at 350°C in air. 


“average diameter” of 0.25 micron. The effect of 
having some of the particles smaller than 0.25 
micron with curved surfaces, or of having edges 
such as the intersection of two crystal faces, is to 
increase the depth of penetration of the electron 
beam, measured radially, and thus make the 
thickness of surface shell cooperating in electron 
diffraction greater than the 0.003 micron calcu- 
lated for the idealized case. For example, the 
radial thickness of surface shell of a sphere 0.10 
micron in diameter that would cooperate in 
electron diffraction would be 0.007 micron. 

If one calculates the thickness of a surface shell 
of zinc selenide on a sphere of zinc oxide, the 
diameter of the composite particle being 0.25 
micron and the total selenium content 6.4 
percent, the thickness of the surface shell is found 
to be 0.006 micron. It follows, therefore, that if 
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the particles of reaction product are zinc oxide 
coated with zinc selenide, as the evidence of this 
paper would indicate, the weak zinc oxide elec- 
tron pattern arises from certain smaller than 
average particles and from particles having sharp 
edges and ends. 

The nature of this reaction between hydrogen 
selenide and zinc oxide suggests that the thickness 
of the zine selenide surface layer is probably a 
definite quantity. In such a case, the extent of the 
reaction, or the selenium content of the end 
product, would depend upon the specific surface 
(surface area per unit mass) of the pigment zinc 
oxide. If this uniform thickness of zinc selenide is 
0.006 micron, for example, a zinc oxide spherical 
particle of 0.012-micron diameter would be com- 
pletely converted to zinc selenide. Two cases 
could arise for which only the zinc selenide 
diffraction pattern would be obtained: (1) The 
particles are uniformly large enough so that the 
passage of the electrons through the particle 


would necessarily be confined to the zinc selenide 
coating and (2) the particles are uniformly small 
enough so that all of the zinc oxide would be 
converted to zinc selenide. These two cases could, 
of course, be distinguished from each other by 
chemical analysis. At intermediate particle sizes, 
or with non-uniform size distribution, both zinc 
oxide and zinc selenide would give electron 
diffraction patterns, the relative intensities of 
which would depend on the particular conditions 
of particle size, shape and size distribution. The 
present example of zinc oxide particles coated 
with zinc selenide is evidently such an inter- 
mediate case. An example of case 1, in which the 
coated particles are uniformly large enough to 
yield an electron diffraction pattern from the 
coating only, is that of zinc dust pigment. 
Electron diffraction photograms of this pigment 
were reported in an earlier paper,’ demonstrating 
that zinc dust pigment consists of metallic zine 


‘particles coated with zine oxide. 


New Book 


The Modern Theory of Solids 


By FREDERICK SeE!Tz. Pp. 698+ xv, Figs. 306, 16 233 
cm. McGraw-Hill Book Company, Inc., New York, 
1940. Price $7.00. 


The new book by Seitz, containing nearly seven hundred 
pages, belongs to that category of publications which 
seem too long at the first glance and leave the reader with 
the wish that they were longer after he has read them 
carefully. 

What do we know about the solid state of matter? 
The question seems simple enough but whoever has tried 
to find its answer in the ever growing flood of papers, 
theoretical and experimental, will realize the size of the 
task undertaken in this work. Only a competent specialist 
like Seitz could give a fairly complete answer to our 
question within the narrow space of a medium-sized 
volume. 

While it is true that the complexity of the theory of 
solids has greatly increased with the enlargement of its 
scope, it is also true that quantum mechanics has furnished 
a key position by allowing a qualitative discussion of the 
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electronic structure ultimately responsible for the various 
characteristics of crystals. The difference between insu- 
lators, semi-conductors, simple and transition metals has 
been clearly recognized and it is true in this sense that 
Chapter XIII, dealing with electronic structures, forms 
the central part of the theory. 

As stated in its preface, the book is written for three 
different types of readers: the student, the practical 
experimentalist and metallurgist, and the theoretical 
physicist. The first type will mostly appreciate the easily 
intelligible text and many idealized graphs, which greatly 
help the understanding of the various complex aspects. 
The second type will find the book to contain a valuable 
compilation of the most characteristic facts, concerning 
the solid state, both in plotted curves and tables. For 
the third type, finally, the theoretical physicist, it will 
serve as a handbook in the sense that it contains a critical 
survey and reference to the most important papers written 
on the subject. It is this last type who will mostly regret 
that the phenomenon of supraconductivity, the last great 
puzzle of the theory of metals, has not found a more 
detailed discussion, both in the facts known about it and 
in the various attempts at explanation and their char- 
acteristic difficulties. 

F. BLocu 
Stanford University 
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Some Relations of Flow and Physical Properties with Formulation in Cellulose 
Acetate Plastics 


W. E. GLoor 
Hercules Powder Company, Parlin, New Jersey 


(Received January 2, 1941) 


Data are presented showing flow and physical properties 
of cellulose acetate plastics made using five plasticizers 
(previously described by Kirkpatrick before the Society of 
Rheology) with cellulose acetates of 2.3 and 2.6 acetyl 
groups per Cs unit. Single plasticizers exert specific effects 
on flow and physical properties of the plastics. Mixtures of 
such plasticizers give plastics with properties which may 
be predicted by a simple proportion based on the amount 


HE recent publication of Kirkpatrick' on 
plasticizers for cellulose derivatives pro- 
vides a good beginning for a study of the relations 
between formulation and flow properties as well 
as finished physical properties of cellulose acetate 
plastics. Since the plasticizers described in that 
work are in general use, all of them have been 
studied in the course of a development program 
on cellulose acetate plastics carried on in these 
laboratories. The data seemed to fit in well with 
those reported by Kirkpatrick, and since they 
have extended the controlled testing on plasti- 
cizers over a wider group of properties, some of 
the more interesting results have been made the 
subject of this report. 

The properties of cellulose acetate plastics, 
made with five of the most useful materials de- 
scribed by Kirkpatrick and listed in Table I, 
were determined with results as shown in Table 
II(a-d). Cellulose acetates of acetylations repre- 
senting the lowest (53.1 percent combined acetic 
acid) and highest (57.2 percent combined acetic 
acid) esterification used in plastics practice were 
tested in a number of combinations with each 
material as shown. The methods of preparing the 
plastic compositions, and the test methods em- 
ployed, have been described elsewhere.?, Com- 
mercial grades of the plasticizers and cellulose 
acetates were used. Data in Table II are divided 
between plastics in which only one plasticizer is 
used, and plastics in which several plasticizers 

! A. Kirkpatrick, J. App. Phys. 11, 255-61 (1940). 

?W. E. Gloor and C. B. Gilbert, Detroit Meeting of 


American Chemical Society, September, 1940; and Ind. 
Eng. Chem., to be published. 
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of each plasticizer used. Results of Rockwell hardness, 
elastic modulus, impact strength, and water absorption 
tests of molded plastics are discussed. No general relation 
is found between flow properties of the plastics at molding 
heats and physical properties at room temperatures. An 
attempt is made to relate these results to the criteria for 
high elasticity set up by Houwink. 


are employed. The physical properties discussed 


' fall into three categories: The first, flow tempera- 


ture, which is indicative of the way in which a 
particular composition will mold; the second, a 
combination of Rockwell hardness, elastic mod- 
ulus and impact data, which is indicative of the 
way in which it will behave after being molded ; 
the third, absorption of water on immersion, 
which is an index of the way in which the 
finished molding will respond to atmospheric 
influences. 

In discussing the flow data, it should be pointed 
out that these were obtained using the Rossi- 
68 % CELLULOSE ACETATE 


2/ OUMETH PATHALATE 
TR/PHENYL PHOSPHATE 


$3./% COMBINED ACETIC AC/D 


ost 572% ACETIC Ac/o 
= 


Jeme.*C (50 MO «125 


Fic. 1. Flow of plastics in Peakes-Olsen tester. 


Peakes (often called Bakelite-Olsen) flow tester, 
and the flow temperature noted is the tempera- 
ture at which a pellet of material flows an inch 
in two minutes through the }-inch orifice under a 
pressure of 1500 Ib./sq. in. This flow temperature 
has been correlated with measurements by the 
Mooney plastometer and the modified Dillon 
extrusion plastometer in an article by Meyer® 


31. W. A. Meyer, A.S.T.M. Bulletin No. 105 (August, 
1940). 
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TABLE I. Plasticizers. 


No. OF 
MOL. POLAR MELTING 
COMPOUND FORMULA Wr. GROUPS POINT 
Dimethyl phthalate —COOCH; 194 2 0°C 
COOCH 
Diethyl phthalate -COl CoH, 222 2 0.3°C 
COOC.H, 
Triphenyl phosphate O=P ( ) ) $26 4 49°C 
Methyl phthalyl ethyl glycolate —COOCH; 252 3 — 35°C 
(Santicizer M-17) 
COOCH.COOC.H, 
171 3 105°C 
o (and p)-toluenesulfonamide S—NHb, 
(Santicizer 9) 
CH 
‘TABLE II(a). Composition and physical properties: cellulose acetate plastics. 
(53.0% combined acetic acid; 0.7 free OH per Ce.) 
COMPOSITION Rossi- RocK- CHARPY He 
PEAKES WELL IMPACT ELASTIC ABSPTN 
CELL. SINGLI Flow T HaRb- STRENGTH MopDuULvus 96 
ACETATE PLASTICIZER °F NESS FT. LB./SQ. IN. LB./SQ. IN. Hr. 
72 a 282 64 3.4 529,000 1.9 
69 264 52 4.0 468,000 1.7 
66 ee 252 41 4.7 364,000 1.5 
72 28 Diethvl 310 60 4.2 350,000 pi 
69 31 hthalate 300 49 4.8 292,000 2.0 
66 285 36 5.9 236,000 2.0 
72 28 Triphenyi 343 80 1.8 320,000 2.0 
69 eee. 340 75 2.1 260,000 1.9 
66 ee 333 68 3.9 235,000 2.2 
72 28 Methyl 313 88 1.4 399,000 1.6 
69 31 phthalyl 302 82 1.7 360,000 1.5 
66 34 ethyl 291 74 2.8 311,000 1.4 
63 37 glycolate 278 60 3.3 257,000 Be 
72 28 o- and p- 229 90 2.4 708,000 Be 
69 31 toluenesul- 212 88 2.1 653,000 1.4 
66 34 fonamide 201 91 1.4 a 


describing the background leading to the adop- 
tion of the Rossi-Peakes instrument by the 
A.S.T.M. in method D569-40T. The flow tem- 
peratures have been shown to bear a simple 
linear relation to the temperatures required to 
produce a certain plasticity or volume of efflux 
by the other two methods. The data in Fig. 1 
show that the rate of flow through the orifice 
under the test pressure can be represented by a 
plot: log (flow in 2 min.) = K(1,/7)+C which, in 


VOLUME 12, MAY, 1941 


552,000 1 


exponential form, resembles the Andrade-Shep- 
pard equation for the variation of viscosity with 
temperature: »=Ae-‘*’™ where B is a measure 
of association.‘ The data shown in Fig. 2 are 
typical of many tests and show how, for cellulose 
acetate plastics, the rate of flow through the 
tube varies with the pressure on the test pellet. 
These curves show that at low pressures and 


*R. Houwink, Elasticity, Plasticity, and the Structure of 
Matter (Cambridge, 1936), pp. 38-9. 
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TABLE II(b). Composition and physical properties: cellulose acetate plastics. 
(53.0% combined acetic acid; 0.7 free OH per Cg.) 


COMPOSITION 


MIXED 
PLASTICIZER 


18.7 Dimethyl phthalate 
9.3 Triphenyl phosphate 


22.7 Dimethyl phthalate 
11.3. Triphenyl phosphate 


9.33 Dimethyl phthalate 
9.33 Santicizer M-17 
9.33 Triphenyl phosphate 


11.33 Dimethyl phthalate 
11.33 Santicizer M-17 
11.33 Triphenyl phosphate 


Rossi- 
PEAKES 
T 

322 
300 


319 


297 


ROCKWELL 
HARDNESS FT. LB./SQ. IN. 


68 


54 


88 


Nm 


CHARPY 
_IMPACT 
STRENGTH 


3.4 


4.3 


1.9 


2.6 


ELASTIC 
MopDuULuUS 
LB./SQ. IN. 


318,000 
254,000 


398,000 


293,000 


TABLE II(c). Composition and physical properties: cellulose acetate plastics. 
(57.2% combined acetic acid; 0.4 free OH per C¢.) 


COMPOSITION 


CELL. 
ACETATE 


72 

69 

66 
72 
69 
66 
72 
69 
66 


72 

69 
66 
63 


72 
69 
66 


CELL. 
ACETATE 


72 


66 


72 


SINGLE 
PLASTICIZER 


28 Dimethyl 
31 phthalate 
34 


28 Diethyl 
31 phthalate 
34 


28 Triphenyl 
31 phosphate 
34 


28 Methyl 
31 phthalyl 
34 ethyl 

37 glycolate 


28 o- and p- 
31 toluenesul- 
34 fonamide 


Rossi- 


PEAKES 
T 


°F 


297 
272 
255 


307 
293 
273 


355 
342 
331 


320 
304 
284 


280 
255 
255 


Rock- 
WELL 
HARD- 
NESS 


54 
40 
13 


40 
24 
2 


61 
53 
34 


69 
63 
57 


94 
83 
81 


FT. 


CHARPY 

IMPACT 
STRENGTH 
LB., SQ. IN. 


Kino 


ELastic 
MOopULUS 
LB./SQ. IN. 


TABLE II(d). Composition and physical properties: cellulose acetate plastics. 
(57.2% combined acetic acid; 0.4 free OH per Ce.) 


COMPOSITION 


MIXED 
PLASTICIZER 

18.7 Dimethyl phthalate 
9.3 Triphenyl phosphate 
22.7. Dimethyl phthalate 
11.3 Triphenyl phosphate 
9.33 Dimethyl phthalate 
9.33 Santicizer M-17 

9.33 Triphenyl phosphate 


33 Dimethyl phthalate 


11 
11. 
11 


3 Santicizer M-17 
3 


3 
33 Triphenyl phosphate 


Rossi- 
PEAKES 
FLow T 

°F 

320 

284 


325 


288 


ROCKWELL 


HARDNESS 


52 


30 


CHARPY 
IMPACT 
STRENGTH 
FT. LB./SQ, IN. 


1.6 
1.9 


1.1 


1.0 
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ELASTIC 
MopuLus 


LB./ SQ. IN. 


289,000 


202,000 


353,000 


217,000 


1.6 


1.4 


1.0 


% 
ABSPTN. 
Hr. 
ABSPTN. 
Hr. 
423,000 ‘3 
343,000 1.1 
267,000 1.0 | 
271,000 1.4 
215,000 
199,000 1.0 
327,000 1.5 
276,000 1.5 
237,000 1.5 
350,000 1.1 
288,000 1.0 
215,000 0.9 
486,000 
480,000 
454,000 
HO 
ABSPTN. 
= 15 1.0 
= = 67 1.2 
66 || = = = 4 
422 


TABLE III (a). Predicted versus measured values of physical properties. Cellulose acetate (53.1°% combined acetic acid) and 


FORMULA 
I 72% Cell. acetate 


plasticizer (= 2/3 di-Me Phthalate and 1/3 tri-Ph Phosphate). 


CHARPY % Hw 
28°, Plasticizer Rossi-PEAKES IMPACT ELAstTIC ABSPTN 
Il 66% Cell. acetate FLow T ROCKWELL STRENGTH MopuLus 96 
34% Plasticizer °F tIARDNESS FT. LB./SQ. IN. LB./SQ. IN. Hr. 
I Observed 322 68 3.4 318,000 1.9 
I Calculated: 
Di-Me phthalate 188 42.6 2a 352,000 1.2 
Tri-Ph phosphate 114 26.7 0.6 106,000 7 
I Predicted (sum) 302 69.3 3.8 458,000 1.9 
| ©, Difference 7 2.1 11 50 0 
Il Observed 300 54 4.3 254,000 1.8 
II Calculated: 
Di-Me phthalate 168 28 32 242,000 1.0 
Tri-Ph phosphate 111 23 1.3 78,000 0.7 
Il Predicted (sum) 279 51 4.5 320,000 1.7 
Il ©, Difference 7 5 24 6 


TABLE III(b). Predicted versus measured values of physical properties. Cellulose acetate (53.1°% combined acetic acid) and 
plasticizer (1/3 di-Me Phthalate, 1/3 Methyl Phthalyl Ethyl Glycolate (Santicizer M-17) and 1/3 tri-Ph Phosphate). 


CHARPY Hed 

FORMULA Rossi-PEA KES IMPACT ELASTIC ABSPTN: 
Ill 66°% Cell. acetate Flow JT ROCKWELL STRENGTH MopuLus 96 
34°, Plasticizer °F HARDNESS FT. LB./SQ. IN. LB./SQ. IN. Hr. 
Ill Observed 297 aa 2.6 293,000 1.4 

III Calculated: 

Di-Me phthalate 84 3.7 1.6 121,000 0.5 
Santicizer M-17 97 25 0.9 104,000 0.5 
Tri-Ph phosphate 111 13 Lo 78,000 0.7 
III Predicted (sum) 292 Si7 3.8 303,000 1.7 
Ill ©, Difference 2.5 28 47 5 22 


temperatures the motion through the orifice is 
proportional to the pressure applied, resembling 
viscous flow, but that at high temperatures and 
pressures the motion resembles what Houwink 
calls’ quasi-viscous flow, especially for composi- 
tions containing smaller amounts of plasticizer. 
The specific values of the flow temperatures 
imparted by the various single plasticizers in any 
one of the compositions tested do not appear to 
be related to the equivalent weight, which is the 
molecular weight divided by the number of 
polar groups, or to the melting point of the 
plasticizer. Kirkpatrick® also noted that plas- 
ticizer melting point appears of little conse- 
quence. Data on the plastics made with mixed 
plasticizers show that the flow temperatures of 
the mixtures may be fairly well predicted by a 
simple linear proportion based on the amount of 
each of the ingredients in the plastic and their 
individual effects (see Table III(a) and (b)). 
These data make it appear that each plas- 


’ Reference 4, p. 10. 
® Reference 1, p. 257. 


VOLUME 12, MAY, 1941 


ticizer exerts a specific effect on the flow proper- 
ties of the plastic, an effect which is not pre- 
dictable on the basis of any of the known 
properties of the plasticizer. 

As regards the physical properties of the 
molded plastics, Rockwell hardness and elastic 
modulus are indicative of the resistance of the 
formulas to penetration and moderate deforma- 
tion, while Charpy impact strength measures 
resistance to sudden shocks. With each _plas- 
ticizer, the hardness and modulus decreases and 
the impact resistance increases as the proportion 


CELLULOSE ACETATE 72% 69% 66% 
($3./% AcOnw ) 

DIMETHYL PHTHALATE 4% 5% ‘7% 
PHTHALATE /4% 155% 


730% 


PLOW RATE AN. 
° ~ 
® 
> 
° > 
e 


0.4 120% / 
La L_w” 


4000 2000 3000 7000 2000 #00 O 7000 2000 3000 
LOAD ON RAM LB /SQ./N. 


Fic. 2. Flow of plastics in Peakes-Olsen tester at various 
loads and temperatures. Flow rates averaged from one and 
two min. flow distances. 
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of plasticizer in the formula is raised. For 
different plasticizers, the hardness and modulus 
values are generally in the same range but the 
impact values vary widely. With both types of 
cellulose acetate used, the two alkyl phthalates 
show best impact, and the mixture of o- and p- 
toluenesulfonamides shows the poorest shock re- 
sistance. The higher substituted cellulose acetate 
gives good impact strength with the phthalates 
but the values fall off with the other plasticizers. 

A comparison of the data for plastics made 
with several plasticizers (Table III) shows that 
while the values for flow seem to be predictable 
on the basis of simple proportion, from the 
results found for single plasticizers, the impact, 
modulus, and hardness values so calculated do 
not appear to fit the observed values in all cases. 

The water absorption values shown mean more 
when considered in relation to Fig. 3, which 
shows how the weight of a molded piece changes 
with long time immersion in water. With the 
lower substituted cellulose acetate, the absorp- 
tion of water rises to a maximum, and further 
immersion actually seems to displace plasticizer 
as evidenced by the identification of phthalates 
in the water of immersion. The higher substi- 
tuted material seems to lose plasticizer more 
slowly, but it appears that the water absorption 
test measures the affinity which the acetate in the 
plastic has for water after being molded. In 


66% ace (58. Acon) 
34% DIMETHYL PHTHALA 


72 % CELLULOSE ACETATE (572% AcOH) 


% O/METH PHTHALATE 
(4% QVETHYL PATHALATE 
é 
4 
20 
wf vrs 


Fic. 3. Weight changes of molded disks on continuous 
water immersion. 
other words, the water seeks to displace the 
plasticizer from the cellulose chains, and the 
more water absorbed, the more successful the 
displacement. From the fact that the lower 
substituted material absorbs the most water, it 
appears that the number of unesterified hydroxy] 
groups in the acetate regulate the initial absorp- 
tion, which is compared in the 96-hour immersion 
tests shown. Again, the plasticizers seem to 
exert specific effects. Also, the forces holding the 
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plasticizers to the cellulose acetate appear to be 
not greater than the forces tending to hydrate 
cellulose acetate. Since the hydration forces 
become weaker with increase in temperature, 
this would mean that the compositions should 


I- 53./% COMBINED ACETIC AC/O 
$7.2 % COMBINED ACETIC AC/O 


/00,000 


Fic. 4. Elastic modulus vs. temperature cellulose 
acetate plastics. 

show rather wide variations in properties with 
changes in temperature. This is illustrated by 
Fig. 4 which gives the variation in elastic 
modulus for a few typical compositions over a 
range 0-150°F. It is noteworthy that some of 
these data can be represented by a plot of the 
same kind as that used in Fig. 1 

The data of Table II are also of interest in 
their bearing on a generalization which has been 
set forth by Houwink and others.’ This states 
that amorphous materials such as asphalt, glass 
and resins, show “high elasticity properties’ 
when kept at a temperature such that their 
viscosity is in the range 10" to 10'* poises. 
A highly elastic deformation is defined as one 
which exceeds a value of 1 percent. All the 
materials made in this work show considerably 
more elastic deformation than this; also, the 
compositions tested show considerably less varia- 
tion in the numerical values of hardness and 
elastic modulus than the hundredfold viscosity 
variation which is thought to embrace the high 
elasticity range. It is assumed, for this argument, 
that since the hardness and elastic moduli are 
of the same order, the viscosities of all the 
materials will be of the same order at the tem- 
perature of testing, 70°F. Yet the impact 
strengths of the materials show a much wider 
variation than would be expected. One might 
expect that a softer material, as measured by 
hardness or elastic modulus, would show a 
greater impact; while this is apparently true 
when comparing plastics made with different 
amounts of the same plasticizer, it is not true when 


4 Reference 4, p. 136. 
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comparing different plastics of the same hardness 
but made using different plasticizers. It appears 
that there is no general relation between impact 
strength and hardness, modulus of elasticity, or 
even flow temperature in these plastics. 

However, since the elastic moduli found are in 
the range given by Houwink for some of the 
resins he tested, the fact that wide variations in 
impact strength are found would lead to the 
suspicion that shock resistance as measured by 
the impact test either falls outside the domain of 
“high elasticity properties’ or that influences at 
work in some of these plastics have suppressed 
one or more of the factors believed essential for 
high elasticity. Houwink states that in rupturing 
a brittle substance with a sudden sharp blow, 
it breaks (a) because the relaxation of the 
material is insufficient to dissipate the shock, 
and (b) the energy applied is taken up in only a 
few spots in the substance, the great local tension 
thus producing rupture. If the load had been 
applied less rapidly, the atoms directly stressed 
could flow away and let a larger resistant surface 
take the load. Houwink further states that the 
greater the distance over which the interatomic 
forces work, the less the brittleness, and that the 
presence of weak bonds next to strong ones also 
reduces the brittleness.§ 

On the basis of the picture of the structure of 
these thermoplastics offered by Gilbert and the 
writer? it would appear that the differences be- 
tween the effects produced by the plasticizers 
under discussion might be explained. This de- 
scription states that the plastic is bonded to- 
gether in a structure consisting of cellulose 
chain-plasticizer molecule-cellulose chain-plas- 
ticizer molecule, , that the points of at- 
tachment are the polar groups such as —C=O, 
—S=O0, —P=O in the plasticizer molecule 
which will determine the properties of the plastic 
made with a given plasticizer. Applying this 
theory to Houwink’s reasons for breaking under 
shock, it is seen that the molecules of the two 
Santicizers (Santicizer 9=a mixture of o- and p- 
toluenesulfonamide, Santicizer M-17=methyl 
phthalyl ethyl glycolate) and triphenyl phos- 
phate would tend to become attached to more 
cellulose chains and thus become points of 
greater rigidity than would the molecules of the 


8 Reference 4, p. 71. 
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alkyl phthalates. Thus, the latter should have 
the better impact which experimental work con- 
firmed. The fact that all these samples could be 
bent as much as 60 degrees without breaking in 
the test used in determining elastic modulus 
shows the readiness with which all such materials 
take loads more slowly applied. The fact that 
the plastics made with diethyl phthalate show 
generally lower modulus of elasticity and greater 
impact resistance than those made with dimethyl 
phthalate is an illustration of the effect produced 
by increasing the distance over which the inter- 
atomic forces may work. It is believed that a 
comparison of the results using the two different 
kinds of cellulose acetate illustrates the benefit 
of the presence of strong bonds next to weak 
ones. From the slope of the curves in Fig. 1, one 
may derive the qualitative conclusion that the 
forces which bond dimethy] phthalate to cellulose 
acetate of 57.2 percent combined acetic acid 
content are weaker than those which bond it to 
cellulose acetate of 53.1 percent combined acetic 
acid content. Hence, the generally better impact 
strengths given by the lower substituted material 
are probably due to the combination of strong 
and weak bonds existing in such plastics. From 
the strength of all the plastics under loads slowly 
applied, it would appear that ‘‘high elasticity 
properties’ are not necessarily associated with 
high impact strength. 

In summary, then, data are given on properties 
of plastics made using five plasticizers with two 
different types of cellulose acetates, one of 57.2 
percent and the other of 53.1 percent combined 
acetic acid content. The plasticizers exert specific 
effects on the flow of such plastics, which are 
not related to the melting point of the plasticizer. 
Impact values show the greatest variation be- 
tween plasticizers. Bonding between plasticizers 
and acetate seems to be of strength equal to, 
or less than, the forces tending to hydrate 
cellulose acetate. It appears that there is no 
general relation between impact strength and 
other physical properties of these plastics. An 
attempt is made to relate the results obtained 
using these plasticizers with Houwink’s ideas 
about “high elasticity.” 

The assistance of Messrs. C. B. Gilbert and 
F. Piech in obtaining much of the data presented 
here is gratefully acknowledged. 
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Consolidation Settlement Under a Rectangular Load Distribution 


M. A. Biot* 
California Institute of Technology, Pasadena, California 


(Received December 7, 1940) 


The author’s general theory is applied to the calculation of the settlement through consoli- 
dation of a soil loaded uniformly on an infinite strip of constant width with particular reference 
to the nature of the settlement at the edge of the loaded area. The solution is obtained by first 
calculating the settlement produced by a suddenly applied load with sinusoidal distribution. 
The use of a Dirichlet integral and the principle of superposition leads then directly to the 


solution for the discontinuous loading. 


INTRODUCTION 


N the calculation of foundations and the 

prediction of settlement we are not so much 
interested in the absolute value of the settlement 
but rather in the differences in settlement which 
can occur in a loaded area due to differences in 
load intensity. Then differential settlements are 
the direct cause of damage in buildings and 
structures carried by the soil. A typical case of 
settlement due to differential loading occurs 
when the load is applied uniformly to an infinite 
strip of constant width. In particular one may 
ask what happens at the edge of the loaded area ; 
how much additional settlement is due to the 
water flowing from the loaded region to the 
unloaded region; how much restraint does the 
settlement of the loaded area encounter from 
the unloaded region; and how much settlement 
does the unloaded area undergo in the vicinity 
of the load. The present paper is a quantitative 
answer to these questions. The problem is essen- 
tially one of two-dimensional strain in a plane 
perpendicular to the axis of the loaded strip. 


1. SETTLEMENT UNDER A LOAD WITH 
SINUSOIDAL DISTRIBUTION 


In the previous paper! we have established the 
following equations for the consolidation of a 
completely saturated clay : 

G do 
GVu + = (), 
1—2vdx dx 


_2 G 
GVut+ (1.1) 
1—2vdy dy 
* On leave of absence from Columbia University. 


‘1M. A. Biot, ‘General theory of three-dimensional 
consolidation,” J. App. Phys. 12, 155 (1941). 
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2 G de Oo 
GVwt+ ——-——=(), 
1—2v 0s dz 


Ve=(1/c)(de/dt), (1.2) 


where u, v, w are the components of the displace- 
ment of the soil and G, v, are the shear modulus 
and Poisson ratio for the completely consolidated 
clay. 


= 0u/dx+dv/dy+dw/dz. 
c=k/a_ coefficient of consolidation. 
k =coefficient of permeability. 
a=(1—2v)/2G(1—y) final compressibility. 
o =water pressure increment in the pores. 


We consider an infinitely deep layer of clay 
and take the xy plane to coincide with the surface 
while the z axis is oriented positively downward. 
We propose to find the settlement of the surface 
of the clay where a uniform load is suddenly 
applied at the instant ¢=0 at the surface of the 
clay on a strip infinitely long in the y direction 
and extending from x=—//2 to x=//2. The 
water contained in the clay is assumed to escape 
freely at the surface so that the water pressure 
at the surface is a constant equal to the atmos- 
pheric pressure. This is essentially a two-dimen- 
sional problem where v=0 and all unknowns are 
functions only of x and z. We shall solve this 
problem by first considering a load distributed 
sinusoidally along the x direction and then using 
a Fourier expansion and the principle of super- 
position to find the settlement for a rectangular 
load distribution. 

The settlement due to a sinusoidal load applied 
suddenly at the instant t=0 is found most con- 
veniently by the operational method. In the 
present two-dimensional problem writing sym- 
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bolically 0/dt=p, Eqs. (1.1) and (1.2) become 


2 G de 
GVu+— ———=0 
1—2vd0x 
(1.3) 
2 G de Oo 
GVw+——_ —-— = 
—2vdz dz 
Ve= 


We have to solve these equations with the 

boundary conditions 
(1) that all variables vanish at infinite depth 
Z= 


’ 


(2) «=O at z=0, 


Ow ve 
(3) =2G{ —+— )- —A sin \x at s=0, 
oz 1—2p 


Ou dw 
(4) —+—=0 at 
Ox 
The second condition expresses that the water is 


free to escape at the surface. The last two equa- 
tions express that at the surface the normal stress 
is equal to the load and the shearing stress is zero. 
These conditions are derived from relations (2.11) 
in the previous paper by putting o=0. 
We may verify that a solution of Eqs. (1.3) 
satisfying the boundary conditions (1) is 
2 
—C3(1—dz)e? ] cos Ax, 
— | sin Ax, 


(1.4) 


The arbitrary constants C;, Cs, C3, are to be 
determined by introducing these values of u, v, w, 
in the three boundary conditions (2), (3), (4). 
We find 

Cop. 2GarC3= 0, 


p/2Gac) — —A/2G, 
—CrA—C2(d?+ p/c)!+C3=0. 


(1.5) 


Now we are interested only in the vertical de- 
ection w at the surface z=0. This value is 
p/c)!] sin Ax 


=—C;sindXx. (1.6) 
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Solving Eqs. (1.5) for Cs we find 
A 
(1.7) 


B=(1—2v)/(1—»)?. 


The soil deflection at the surface as a function 
of time for a sudden sinusoidal load distribution 
is written in operational form 


A sin \x vr? 
w= [ 
2GX \?+ p/ Bc 
p/c)! 
+— —-—— — (1.8) 
\?+ p/ Be 


The function represented symbolically by this 
equation may be calculated from the following 
operational expressions 


———1(t) = 1 


+ Be 
MAP+ p/c)! 
1(t) = P[A(ct)? ] 
p/ Be 
(1.10) 
where 


2 
P(x) = 
0 


is a tabulated function called the probability 
integral. 

The first operator is elementary? while the 
second may be derived by using the shifting 
formula*® from the well-known operator. 


1 
us 


With these results the deflection of the soil 
surface is finally written 


A sin Ax eee 
+. (1 —v) PL X(ct)?* 


w= 


— ve*8etP[ X((1—B)ct)* ]}. (1.12) 


2 Th. von Karman and M.A. Biot, Mathematical Methods 
in Engineering (McGraw-Hill, 1940), cf. Chapter X. 

8V. Bush, Operational Circuit Analysis (John Wiley, 
1929), pp. 130 and 191. 
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| 
| 
(1.9) | 
1 
p(t) (1.11) 


For ¢=0 the deflection is purely elastic, its 
value is 
A sin \x 
(1.13) 
2G 
The settlement due to consolidation is w,=w—w; 
A sin \x 
w, =————{ — 1 — 
2Gr 
P(d((1 ] 


(1.14) 


It is possible to check the exactness of this 
expression by considering the case where the 
distributed load has an infinite wave-length, or 
what amounts to the same thing when the time 
interval ¢ after loading is infinitely small. In 
both cases the product \*t is infinitesimal, and 
expression (1.14) then becomes 


w,=A sin \x2a(ct/r)*. (1.15) 


This checks with the formula (6.11) found in 
the previous paper for the settlement of a 
laterally restrained soil column immediately after 
loading. Note that this settlement is independent 
of the Poisson ratio. 

For convenience we shall write Eq. (1.14) in 
the form 


aA sin \x 
w,= Flv, X(ct)*], (1.16) 
where 
v(l—v) 
F(v, \(ct)!) = 
1—2yp 
(1—v)? 
(1.17) 


In case the Poisson ratio is equal to zero (v=0) 
this expression becomes 


F(O, ] = PLA(ct)*). (1.18) 


In order to simplify the numerical work in 
further calculations we shall restrict ourselves to 
this case. It must be remembered that the 
settlement during the initial period as given by 
expression (1.15) depends only on the compressi- 
bility a and is independent of the Poisson ratio. 
The latter will therefore only have an influence 
on the later period of the settlement. The order 
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of magnitude of this effect may be found by 
putting ‘= © in expression (1.17). We find 


F(v, ~)=1-». 


This shows that in the later period the actual 


Po/2 


x 


7. 7. 


Fic. 1. Discontinuous loading represented by 
the integral (2.1). 


settlement is smaller than that calculated from 
expression (1.16) with the assumption v=0. 


2. SETTLEMENT UNDER A UNIFORM LOAD 
WITH DISCONTINUITY 


For practical purposes we are interested in the 
differential settlements, such as occur when the 


load distribution has a discontinuity. Such a 
distribution is represented by the following func- 


tion of x 
Po sin Ax 
o(x)=— f dx. (2.1) 
0 


The loading represented by this expression is a 
constant equal to —po/2 for x<0 and po/2 for 
x >0O with a discontinuity in the loading at x=0 
equal to po (Fig. 1). 

The settlement due to this load is easily ob- 
tained from the solution (1.16) found above 
for the case of a sinusoidal loading. Using the 
principle of superposition the expression of the 
settlement is found to be 

apo Mct)*] 
=— ——————- sin (2.2) 

0 


Ws 


This can be written 


w, 1 F(v, 
-— ———- sin ytdy (2.3) 
2apo\ ct 2ri J, 7? 


y=Net)', g=x/(ct)}. 


with 


If we now introduce the assumption »=0, it 
becomes possible to evaluate this integral numeri- 
cally by using an approximate analytical ex- 
pression for the function F(0,y). It may be 
verified that this function is represented within 
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1 percent by 


F(0, y)=1 4 (2.4) 


The integrations in expression (2.3) can then be 
performed by means of elementary functions. 


We find 
w, 
2apo\ ct 4x} 
1 1 
2 3.244 


By adding a load equal to po/2 and extending 
from — ~ to ~ we obtain a total load pp» extend- 
ing from 0 to ~ as shown in Fig. 2. The settle- 
ment for this case is obtained by superposition. 
Denoting the right-hand side of Eq. (2.5) by 
f(&) this settlement is 


ct\} 
26) 
In order to represent the settlement as a 
function of time it is convenient to introduce for 
the abscissa a characteristic length / which can 
be chosen arbitrarily and write 


ct\ x l 
2 (ct)} 


% 


| 

| | 

| | 

| 
Sanllan | | 

| | 4 | ou 

| 
| 
| 


Fic. 2. Settlement of the soil surface at various time 
intervals for a load extending from x=0 to x= ~. 
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Then settlement curves are plotted as a func- 
tion of x in Fig. 2 at time intervals corresponding 
to (ct)/l) =, 3, 3, 4, 3, and compared directly 
with the settlement 


Wi = 2apo(ct/r)', 


which would have occurred after the same time 
intervals if the load extended from x=— = to 
x= «0. These settlements are represented by the 
horizontal lines of ordinates 


2 1 2 2 

8 8 
The slope of the soil deflection at the edge of 
the loaded area (x=0) is infinite as may be 
verified analytically by calculating the derivative 
df /dé for =0; it constitutes, therefore, a singular 
point probably associated with infinite stresses. 
However, this infinite slope does not show up in 
the plotted curve because it is a highly localized 
effect. 

It is interesting to follow the settlement at a 
given point x. Consider first a point located under 
the load (x >0). The settlements w, and w,; are 
equal at first, then w, becomes slightly larger 
than w,; while for large values of the time w, 
becomes smaller and smaller compared to w,j. 
This is due to three distinct phases in the settle- 
ment. In the first instant the settlement is mostly 


| 
| 
| 
| 


9 x 


Fic. 3. Rectangular load distribution. 


due to water flowing out at the surface directly 
under the load. In the second phase the settle- 
ment is due partly to water flowing from the 
loaded region to the unloaded region so that this 
increases the settlement in comparison with the 
case when the load is applied uniformly from 
x=— x tox=+~. This effect, however, is very 
small and is hardly visible in the figure. In the 
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Aap! 


Fic. 4. Settlement of the soil surface at various time in- 
tervals for the load distribution represented in Fig. 3. 


third phase the unloaded region restrains the 
settlement of the loaded area because of the 
elastic stresses originating between the two 
regions. Similar phases can be distinguished for a 
point lying outside of the loaded area (x <0). At 
first no motion is observed; then the surface is 
lifted by a slight amount. This swelling of the 
soil is due to the water escaping for the loaded 
region. Finally a settlement is observed because 
the unloaded region is dragged down elastically 
by the settlement of the loaded area. 


3. SETTLEMENT UNDER A RECTANGULAR 
Loap DISTRIBUTION 


By superposition we may easily derive from 
the previous solution the settlement due to a 
constant load extending from x= —//2 tox=1/2; 
as shown in Fig. 3, using the solution (2.6) we 
may write for the settlement 


The settlement curves are represented in Fig. 4 
as a function of x at time intervals corresponding 
to (ct'/l)=}, 3, 3, 4, 3, and compared directly 
with the settlement w,; which would have 
occurred after the same time intervals if the load 
extended from x= — ~ tox=+. These settle- 
ments are represented by the horizontal lines of 
ordinates 


2 1 2 2 
apal( ). apu( ), 
8 8 


It will be noted that immediately after loading 
the settlement is little affected by the unloaded 
regions on both sides, while in the last phase the 


LO 


Fic. 5. Ratio of 
settlement at the 
75 | middle of the 

loaded area (x = 0) 
to the settlement 
which would take 
| place if the load 
extended from x = 


settlement is considerably reduced by the re- 
straining effect of the unloaded regions. The 
settlement at the center of the loaded area is 
obtained from (3.1) by putting x =0 


Ww, (3.2) 
We may also write 
2f[1/2(ct)* (3.3) 


This ratio which represents the restraining effect 
of the unloaded regions is plotted in Fig. 5 as a 
function of (ct)'/l. The larger the size of the 
loaded area the less quickly this restraining effect 
comes into play. It will be noted that for small 
values of ¢ the ratio w,/w,,; is slightly larger than 
unity which means that the settlement is in- 
creased by water flowing from the loaded region 
to the unloaded region. We have assumed the 
Poisson ratio to be zero. From the remark at the 
end of paragraph 2 we may deduce that if this 
is not the case the restraining effect of the 
unloaded region will be still greater. 
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Spectral and Total Thermal Emissivities of Oxide-Coated Cathodes 


GEORGE E, Moore H. W. ALLIsoN 
Bell Telephone Laboratories, New York, New York 


(Received February 5, 1941) 


HE behavior of Gxide-coated cathodes de- 
pends so strongly on operating temperature 
that any extensive study of their characteristics 
requires accurate temperature determinations. 
Observations made with a disappearing filament 
pyrometer must be corrected for spectral emis- 
sivity, since the pyrometer calibration holds only 
for the radiation from blackbodies. The com- 
paratively few published measurements of the 
emissivity of oxide-coated cathodes do not seem 
applicable to the uncombined type of coating 
now in general use. The previous work has been 
reviewed recently by Blewett.! 

The present paper discusses spectral and 
total emissivity measurements on oxide-coated 
cathodes of the uncombined type used in tubes 
for telephone repeaters and radio receivers. The 
spectral emissivity of the type of coating used on 
equipotential cathodes was measured at 0.65, in 
the temperature range 900 to 1200°K using 
the tubular filament method introduced by 
Worthing.2 These measurements were checked 
using a diffuse reflectometer method developed 
by Prescott and Morrison.’ The latter method 
also was applied to filamentary cathodes and the 
measurements extended to room temperatures. 
Total emissivities were computed from the 
measurements of temperature and power input 
per sq. cm. 


I-XPERIMENTAL 
Experimental tube 


The general design of the experimental tubes is 
shown in Fig. 1. The cathode sleeve was sup- 
ported by long tungsten wires which carried the 
heating current. End cooling of the cathode was 
minimized by designing the tungsten wires to 
operate at approximately the same temperature 
as the cathode sleeve. A small hole, about 0.008 
inch in diameter, drilled radially through the 

'J. P. Blewett, J. App. Phys. 10, 668 (1939). 

2A. G. Worthing, Phys. Rev. 10, 377 (1917). 


3C.H. Prescott, Jr. and J. Morrison, Rev. Sci. Inst. 10, 
36 (1939). 
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center of one wall, served as the blackbody. 
Potential leads of 0.001-inch platinum wire 
welded near each end of the coated section 
permitted measurements of the power dissipation 
in the central portion of the cathode. The struc- 
ture was supported in the glass envelope by mica 
disks to decrease vibration. 

Measurements were made on sixteen cathodes, 
consisting of twelve grade A* nickel sleeves of the 
size used in the W.E. 310A tube, five of which 
were coated, two coated Konel' sleeves of the 
same dimensions and two coated nickel sleeves 
of the type used in the 6C5 and other radio 
receiving tubes.t| The 310A sleeves were 1} 
inches long, with an outside diameter of 0.067 
inch and a wall thickness of 0.0015 inch. All 
sleeves (except the 6C5) were heated in hydrogen 
for 15 minutes at 925°C just before coating, or 
mounting, if uncoated. The resulting nickel 
surface is somewhat matte and differs consider- 
ably from the polished metal surfaces usually 
studied in pyrometry. The 6C5 cathodes were 
coated by the supplier and were 1,’ inches in 
length, with an outside diameter of 0.045 inch 
and a wall thickness of 0.001 inch. The Konel 
sleeves were made from an ingot supplied by 
Stupakoff Laboratories. The coating was sprayed 
to a depth of about 0.0015 inch or approximately 
4 mg per sq. cm of coated area. 


Measurement of spectral emissivity 


During exhaust, the temperature treatment of 
commercial cathodes was duplicated as closely as 
possible. A magnifying optical pyrometer of the 
disappearing filament type was used to compare 
the spectral brightness of the cathode surface 
with that of the blackbody radiation from the 
hole, which was assumed to correspond to true 
temperature. The axis of the tube was placed at 
an angle of approximately 75° to the line of sight 


* High commercial purity: —99+ percent; impurities 
Co, Fe, Mn, Cu, C. 

4E. F. Lowry, Phys. Rev. 35, 1367 (1930). 

+ These were supplied by a radio tube manufacturer and 
probably are representative of the usual commercial 
product. 
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in order that the radiation from the hole would be 
built up by multiple reflection to approximate 
closely blackbody radiation. 

The spectral emissivity at the effective wave- 
length of the red pyrometer screen was calculated 
from these temperature measurements using 
Wien’s law expressed in the following form: 


1 <A 
——=— In £). (1) 
6D 


@=true temperature in degrees Kelvin; D 
=brightness temperature at wave-length, ); 
E,=spectral emissivity at the wave-length of the 
pyrometer screen (0.65y) ; C2=14,360u degrees. 

The spectral reflectivity was determined by 
suspending the tube along the axis of a re- 
flectometer, which consisted of a closed cylinder 
of white cotton velvet, illuminated by a 20-watt 
projection lamp mounted axially at each end. 
The reflectivity was computed® from the ap- 
parent temperatures of the cathode and white 
cotton velvet background which were measured 
by sighting a pyrometer through a hole in the 
velvet cylinder. Spectral emissivities then were 
computed from the relationship 


(2) 


Using this method, the reflectivities were meas- 
ured at both room and incandescent temperatures. 


5 Prescott and Morrison, reference 3, compute reflec- 
tivities from the third equation of their paper. They did 
not publish their derivation which is as follows: 

“By Wien’s law the apparent temperature, T, of the 
back wall of the reflectometer is related to its scattered 
energy, J:, by the equation: 


Sex 

The energy, /J2, radiated from the filament without il- 
lumination from the reflectometer is similarly 


© ( Ce 

— 

xD)" 

where D is its brightness temperature under this condition. 
The apparent temperature, S, of the hot filament in 


the illuminated reflectometer is related to the energy, 3, 
leaving its surface by the equation 


Now J;=R,\J,:+J:. Substituting and solving for R,, we 
have 


or see C. H. Prescott, Jr., “The pyrometry of oxide coated 


filaments” in Temperature, Its Measurement and Control 
in Science and Industry (Reinhold, 1941), p. 1199. 
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Measurement of total emissivity 


The power supplied to the central section of the 
cathode was computed from the heating current 
and potentiometer measurements of the voltage 
drop between the potential leads. From these 
measurements and corresponding true tempera- 


--4.--..0.008” DIAM HOLE IN 
CENTER IN ONE SIDE 


0,040" TUNGSTEN WIRE 


Fic. 1. 


tures, total emissivities were computed using the 
Stefan-Boltzmann law in the following modified 
form: 


P=5.72X10-"E,T", (3) 


where P=power radiated per sq. cm, E,=total 
emissivity and 7 = true temperature of surface. 
The usual correction® for absorption by the 
glass envelope was applied to the measured 
temperatures. In applying Eq. (3) to determine 
E,, two complications result from non-uniform 
temperature: (1) The energy radiated from the 


6 “Pyrometric practice,” Tech. Pap. Nat. Bur. Stand., 
No. 170, p. 117 (1921). 
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section between the voltage leads is equal to the 
energy input minus the heat conducted away 
from this section, (2) the value of T corresponding 
to this radiated energy is equal to the root mean 
fourth power of the temperature over this area. 
For. the non-uniformities encountered, analysis 
has shown that the error in using the total input 
of electrical energy for P is compensated within 
the limits of experimental accuracy by using the 
temperature of the cavity for 7. 

Temperature measurements were made using 
two pyrometers of the disappearing filament type 
whose calibrations had been checked against a 
standard lamp calibrated by the National Bureau 
of Standards. The filters in both pyrometers were 
made of red glass designed to pass light of wave- 
length 0.65. 


RESULTS 
Spectral emissivities 


The results obtained by the tubular filament 
method are summarized in Table I which lists the 
mean value of spectral emissivity for each 


TABLE I. Spectral and total emissivity—by tubular filament 
method. 


SPECTRAL 


TUBE TEMPERATURE EMISSIVITIES, Ey TOTAL 
No. RANGE IN °C A =0.65y4 Emissivity, E¢ 
Uncoated Grade A Nickel 

DM212 660-1000 0.376 0.156-0.188 
DM213 640-1000 406 .180- .201 
DM214 760-1000 .393 .173- .184 
DM215 660-1000 400 -157— .186 
DB214 780-1000 438 .207— .218 
DB215 680-960 402 
DB216 740-1000 .513 

Average of 7 samples=0.418. 

Standard deviation, ¢=0.042 

Coated Standard 

DL24 700-1000 0.248 0.320 
DL25 660-980 .295 
DL27 700-1000 .229 343 
DB217 760-960 334 .292 
DB218 640-1000 .330 


Average of 5 samples = 0.287 


0.315 (4 samples) 
Standard deviation, ¢ =0.042 


Coated 6C5 
DL22 680-1000 0.341 
DL23 700-1000 .294 
Average of 2 samples=0.318 
Standard deviation, ¢ =0.024 


0.328-0.299 


Coated Konel 


0.355 
429 


DL20 700-940 

DL21 740-940 
Average of 2 samples =0.392 
Standard deviation, ¢ =0.037 


0.452—0.412 
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cathode and the temperature range over which 
observations were taken. 
The emissivity values in Table I were com- 
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puted from coordinates taken at 20° intervals 
from smooth curves of true temperature vs. ap- 
parent temperature, such as that shown in Fig. 2. 
The standard deviation of observations from any 
curve of this type was less than 5°. This precision 
indicates that the probable error of the emissivity 
determination for any individual surface is less 
than 1 percent. The experimental data indicated 
that there was no variation in spectral emissivity 
with temperature. 

In Table I the spectral emissivity of each type 
of cathode was obtained by averaging the values 
found for the individual sleeves. The standard 
deviations are 10 percent for clean nickel, 13.5 
percent for the coated nickel and 9.5 percent for 
coated Konel cathodes. It is thought that the 
spread is largely due to emissivity differences in 
the core-coating interface and, to only a slight 
extent, on non-uniformity of coating thickness. 
The emissivity varied considerably over the sur- 
face of a few individual coated cathodes. The 
variation of emissivity over the surface of one 
particular sample was as great as the difference 
between the average emissivities of oxide-coated 
nickel and Konel. A statistical analysis of the 
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data indicated that the spectral emissivities of 
the two 6C5 cathodes and five W.E. 310A 
cathodes were not significantly different. For the 
resultant sample of seven oxide-coated nickel 
cathodes, the average spectral emissivity is 0.296 
with a standard deviation equal to 0.040. 

These measurements were repeated and ex- 
tended to room temperature using the reflectome- 
ter which had been tested previously by meas- 
uring the reflectivity of a sample of magnesium 
oxide.* The agreement between the two methods 
is shown in Table II, which lists results on 
cathodes to which both methods were applied. 
Statistical analysis indicates that the two 
methods agree within the observed precision of 
measurement. The emissivities listed in Table II 
were obtained by attaching equal weights to each 
individual observation, while those in Table I 
were obtained by drawing the best possible curve 
through all observations. For this reason the 


TABLE II. Spectral emissivity. Comparison of method. 


METHOD 


TUBULAR 
Tuse No. TYPE FILAMENT REFLECTOMETER 
1yM212 Clean nickel 0.380 0.381 
389 
D124 Coated 310A .245 .240 
1.27 .220 .246 
11.23 Coated 6C5 .245 .248 
DL20 Coated Konel 374 397 
436 391 


values shown for a given tube in the two tables 
differ slightly. 


Total emissivities 


The total emissivity values listed in Table I 
were calculated from smoothed curves of energy 
input vs. true temperature. A systematic varia- 
tion of emissivity with temperature was found 
for some tubes; the range of this variation is 
given in Table I. This variation is also shown 
graphically in Fig. 3, the total emissivity of 
uncoated nickel increasing approximately linearly 
with temperature over the observed temperature 
range. The total emissivity of polished nickel has 

* The mean value of three separate determinations was 


96.6 percent checking the accepted value of 97.2 percent 
within the precision of measurement. 
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been studied by Barnes.’ His results, shown in 
Fig. 3 by the dashed line, differ from our average 
by an amount less than the variation existing 
among individual samples. As a result of fracture 
of the voltage leads, power measurements were 
possible on only four W.E. 310A cathodes, one 
6C5 cathode, and one Konel cathode. The latter 
two cathodes showed a small decrease in total 
emissivity with temperature. However, the aver- 
age results on the one 6C5 and the four W.E. 
310A cathodes, shown in Fig. 3, indicate that the 
total emissivity of coated nickel cathodes is 
substantially independent of temperature. 

Total emissivities are based on dimensions at 
room temperature. At 700°C correction for 
thermal expansion would be approximately 2 
percent for either nickel or Konel. 


Spectral emissivity of filamentary cathodes 

The spectral emissivities at 0.65 of five 
filamentary oxide-coated cathodes of the uncom- 
bined type used in the W.E. 101F tube were also 
measured using the reflectometer. The alkaline 
earth carbonates were applied to the core 
(0.010 0.0015” nickel) by the commercial 
“drag’’ method. The resulting coating, when 
activated, is considerably more dense than the 
rather fluffy coating generally found on equipo- 
tential cathodes. The values observed in the 


0.45 
0.44 +—— 
COATED KONEL - 1 SAMPLE 
0.43 
0.42+—+ 
0.41 
2 0.33 
2 OXIDE-COATED NICKEL 
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£0.30 
0.20 
0.19 UNCOATED GRADE A NICKEL | | | 
AVERAGE OF 4 SAMPLES 
0.17 
“SS pouisneo NICKEL - BARNES 
0.16 
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range, 300-1100°K are given in Table IIL. The 
spectral emissivity of the coatings applied to 
these filaments is approximately 55 percent 
higher than for the coatings applied by the spray 


7B. T. Barnes, Phys. Rev. 34, 1029 (1929). 
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TABLE III. Spectral emissivity of nickel filament coated by 
the ‘‘drag’’ method. 


STANDARD No. OF 
TusBe No. Ey (0.65) DEVIATION OBSERVATIONS 
EE361 0.475 0.022 6 
EE362 499 5 
EE363 A51 .022 6 
EM103 479 .026 8 
EM104 415 023 7 


Average for 5 samples = 0.464 
Standard deviation, =0.029 


method to the tubular cathodes. As a result of 
this emissivity difference, the filaments would 
operate about 20° cooler than the equipotential 
cathodes for an observed brightness temperature 
of 1000°K. No measurements of total emissivity 
were made for these filaments. 


DISCUSSION 


The agreement of the present work with previ- 
ously published results is reasonably satisfactory. 

Worthing found a value of 0.373 at 0.665 for 
the spectral emissivity of polished nickel, but he 
recently® quoted values ranging from 0.215 to 
0.36 determined by earlier investigators. More 
recently Johnston and Marshall* obtained a value 
of 0.41, which is in substantial agreement with 
the value of 0.42 (¢=0.04) found in the present 
investigation. The surfaces which they observed 
probably were also somewhat matte in contrast 
with the surfaces for which Worthing quoted 
measurements. The agreement of the total 
emissivity values for clean nickel with data 
published by Barnes’ was shown on Fig. 3. 

Blewett! quotes spectral emissivities from 0.5 
to 0.7 observed in the General Electric Labora- 
tories for thin coatings of (BaSr) oxides on 
metallic bases, but does not state how the coating 
was applied, its thickness, or the metallic base. 
The spectral emissivities observed in this work 
are considerably less than either those reported 
by Blewett or those reported by Prescott and 
Morrison* for nickelated filaments. Clausing and 
Ludwig!’ found the total emissivity for oxide- 


*A. G. Worthing, J. App. Phys. 11, 434 (1940). 
*H. L. Johnston and A. L. Marshall, J. Am. Chem. 
Soc. 62, 1382 (1940). 


' P. Clausing and J. B. Ludwig, Physica 13, 193 (1933). 
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coated nickel cathodes (thickness —42u) at 
1000°K to be approximately 0.33 as compared to 
a value of 0.31 obtained in this work for a compa- 
rable coating thickness. Davisson" found that the 
total emissivity of “combined” filaments was 
0.65 at 1000°K. 

Clausing and Ludwig'? found the temperature 
drop across a coating of thickness approximately 
equal to those used in the present investigation to 
be about 12° at 1250°K. Blewett,! probably re- 
ferring to the thickest of Clausing and Ludwig's 
coatings states that this drop ‘‘may be as much as 
100° or even more.”’ If the drop is as much as 10° 
at any temperature measured, and if all the 
energy is conducted across the coating and then 
radiated from its outer surface, the heat con- 
ductivity of the coating would have to be 
comparable with that of the best known insu- 
lators. The fact that the emissivity depends so 
markedly on the composition of the metal sup- 
port and the interfacial condition indicates that a 
large fraction of the energy is radiated directly 
through the coating. This would require an even 
lower heat conductivity. The assumption of 
low temperature drop, therefore, appears more 
reasonable than that of extremely poor heat 
conductivity. 

Since the values given in this work are the 
emissivities of rough surfaces, there is no clear 
distinction between the normal and hemispherical 
emissivities defined by Worthing.* The observed 
uniformity across a field perpendicular to the 
axis of the cvlindrical cathodes indicates that the 
Lambert cosine law is satisfied and that the 
normal and hemispherical emissivities are sub- 
stantially the same. The agreement of the tubular 
filament and retlectometer methods supports this 
assumption. However, it is clear from the method 
of measurement that the hemispherical total 
emissivity was determined.* 

We are indebted to Mr. C. H. Prescott, Jr., for 
his advice concerning the reflectometer method 
and to Mr. W. A. Shewhart for statistical treat- 
ment of the results. 

C, Davisson, Int. Crit. Tab. 6, 53 (1929). 

* The figures given in this work would probably be 
referred to as emittances, rather than emissivities, if one 


adhered strictly to the definitions given by Worthing 
(reference 8). 
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Cathode Drop of an Arc 


G. H. 
, Department of Electrical Engineering, University of Illinois, Urbana, Illinois 
(Received December 16, 1940) 


By use of the method of Betz and Karrer the cathode drop of an arc has been measured for 
a number of electrodes, including copper, silver, iron and arc welding electrodes with and 
without coatings. The time for an arc to establish the cathode drop voltage measured from the 
time the “‘last’’ contact causes an appreciable voltage drop is found to be less than 40 micro- 
seconds. The cathode drop for copper is found to decrease with air pressure from 13 volts at 
atmospheric pressure to 8 volts at 0.1 mm of Hg pressure. 


N the work described here the cathode drop of 
potential of an arc was measured using an 
adaptation of the method of Betz and Karrer.' A 
variable speed d.c. motor was arranged to rotate 
a cam which would separate contacts at a uni- 
form velocity. The voltage across the contacts at 
the instant of separation was called the cathode 
drop of potential. This voltage was determined 
by measuring the deflection on the screen of a 
cathode-ray oscillograph. The entire apparatus— 
motor, cam and separating contacts—was so 
arranged that the pressure could be reduced from 
one atmosphere to 0.1 mm of mercury. 

For some of the experiments the cathode-ray 
oscillograph was connected so that a deflection in 
the horizontal direction measured the contact 
current while a vertical deflection measured the 
voltage across the contacts (see Fig. 1). From the 
resulting oscillogram the time required for the 
voltage to reach the cathode drop value for the 
arc was determined, for the resistance, induct- 
ance, current and voltage were known. 

Assume that the arcing contacts are in series 
with a resistance R and an inductance L. 
Kirchhoff’s law for the circuit when the contacts 
separate is v=e,+v,+vpz where v is the applied 
voltage, ve is the voltage across the resistance R, 
e, the voltage across the inductance, v, the arc 
voltage and 7 the current. Also e, = LAi/At where 
Ai is the change in are current caused by the 
separation of contacts and Af is the time required 
for the cathode drop voltage to appear across 
the contacts measured from the instant that 
the contact drop is appreciable. Then At= LAz/ 
(v-v.—iR). Evaluation of At for a_ typical 
oscillogram (taken for a pure silver contact) gives 
"1 P, Betz and S. J. Karrer, J. App. Phys. 8, 845 (1937). 
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At 42 microseconds for the voltage of 12 volts to 
appear across the contacts. The speed of separa- 
tion of the contacts was known to be about 20 
inches per second. Therefore the distance trav- 
ersed in 42 microseconds was about 820 micro- 
inches. Hence in less than 42 microseconds, and in- 
less than a distance of 820 micro-inches, the arc 
voltage was established. By this method the 
measurement of the time to establish the arc by 
scaling off on the time axis of the oscillogram 
(used by Betz and Karrer) is avoided. 

For an arc between copper electrodes in air, the 
voltage across the contacts at the instant of 


Fic. 1. Contact 

potential vs. current 

(from original oscil- 

logram). Note—No 
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of high writing 
speed. 


slage 
across conmlacls 


+ 


——» Yo 


open circuit _/ 
AA 


Vore 


+<— current 
in contact circuit 


separation (within 40 microseconds) was found to 
be (a) independent of the current in the range of 
0.5 ampere to 10 amperes; (b) independent of the 
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open circuit voltage appearing across the contacts 
after the arc was extinguished in the range of 8 to 
230 volts; (c) independent of the circuit parame- 
ters for values of L/R in series with the arc in the 
range of 0.001 to 0.028; (d) independent of the 
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Fic. 2. Effect of air pressure on cathode drop (copper). 


speed of separation of the contacts in the range of 
7.5 to 90 inches per second; (e) dependent upon 
the pressure of the atmosphere in which the arc is 
burned, as shown in Fig. 2. Some of the data for 
these conclusions are given in Table I. Average 
value of 105 tests under various conditions at 
atmospheric pressure is 13 volts +0.32 volt. 
The voltage across the contacts was measured for 
other materials besides copper and the results 
were found to depend upon the electrode and, in 
the case of welding electrodes, upon the coating, 
if any. Table II gives values of voltage across the 
contacts at the time of separation for a number of 
electrode materials and gives corresponding 
ionizing potentials when known. The ionizing 
potential of the nitrogen which is the principal 
constituent of the arc atmosphere, is 16.5 volts. 


INTERPRETATION OF RESULTS 


The value of the cathode drop for copper (13 
volts +0.32 volt) determined here is much lower 
than the values given by Nottingham? (20 volts) 
and is of the order of magnitude of that given by 
Betz and Karrer' (12.2 volts for currents from 10 
to 100 amperes), and Conrady* (13-12 volts). 
Nottingham and Conrady both used the probe 
method to get the cathode drop. Mason‘ has 
~ 2W. B. Nottingham, J. Frank. Inst. 206, 43 (1928); 
207, 299 (1929). 

3H. von Conrady, Ph.D. Thesis, University of Berlin 


Department of Mechanical Engineering (1937). 
4R.C. Mason, Phys. Rev. 51, 28 (1937). 
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shown that the probe method applied to atmos- 
pheric pressure arcs is of doubtful value. The 
measurements described here show that it would 
be physically impossible to insert a probe at a 
point where the cathode drop would be measured, 
for this would mean that the probe would have 
to get within 0.0008 inch of the cathode. It is easy 
to see why the values obtained by the probe 
method might be high. The method described 
here is much easier to apply than the probe 
method, and will give, roughly, the distance from 
the cathode and the time to establish the arc 
“equilibrium” in addition. 

If the distance traversed while the arc voltage 
is being established at the value given as the 
cathode drop is a measurement of the cathode 
“dark space’”’ of the arc, then the ideas about field 
emission at the cathode of a low boiling tempera- 
ture electrode must be revised. However, it is 
probable that the value given above for this 

TABLE I. J,y, average arc current, amperes; Vos, open 
circuit voltage; s, speed of separation, inches per second; 


Vare, arc voltage when contacts separate; L/R, ratio of in- 
ductance to resistance in series with the arc. 


Vos lay L/R Vare 
15.8 05 | O | 10 13.1 
120 05 | 0 10 12.9 
120 45 | 0 10 12.8 
19.2 2.3 0.028 10 12.8 
12 1.0 0.0049 | 10 13.1 
118 | 16 | O 30 13.1 


distance is very much larger than the cathode 
dark space, since the time computed includes 
that which elapsed while the “‘last’’ contact was 
being broken. The time given by Betz and 
Karrer,'! which was estimated from a voltage- 
time oscillogram, was 10 microseconds. If the 
0.0008-inch value is correct, the average potential 
gradient in the dark space is only 0.6 10* volts 
per cm, a value much too low to give adequate 
field emission. As Loeb has pointed out® the 
terms field emission and thermionic emission are 
not clearly definable at the temperature of the 
arc. 

The time for the establishment of equilibrium 
in an are as given by Duddell,® for an a.c. are 
superposed on a d.c. arc, is 1000 microseconds. 


~8L, B. Loeb, Fundamental Processes of Electrical Dis- 
charge in Gases (Wiley, 1939), p. 631. 
6 W. Duddell, Proc. Roy. Soc. A68, 512 (1901). 
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The value of 600 microseconds determined from 
spectral data was given by Witte.? Comparing 
these values with those discussed here, it is noted 
that time for equilibrium as measured by the 
establishment of the cathode arc voltage drop is 
very much less, of the order of one-tenth as 
large, or less. 

From the manner in which the cathode drop 
decreased with reduction in pressure it may be 
assumed that the 13 volts observed for copper at 
atmospheric pressure is the weighted average of 
the ionizing potentials of the few copper atoms 
and the many nitrogen atoms present, while the 8 
volts observed at a pressure of 0.1 mm of Hg is 
the weighted average of the ionizing potentials 
of the many copper atoms and the relatively few 
nitrogen atoms. These statements are corrobo- 
rated by the change in appearance of the spec- 
trum of the arc at atmospheric and at low pres- 
sure. For the platinum contact the cathode drop 
was about the ionizing potential of the nitrogen, 
giving the impression that few of the platinum 
atoms are entering in the arc. The lower boiling 
temperature electrodes all produce lower cathode 
drops than does the platinum. 

An interesting experiment was gradually to 
reduce the open circuit voltage across the sepa- 
rating contacts and notice the arc voltage on the 
oscillograph screen. If the circuit contained 
practically no inductance (except for that of the 


TABLE II. 
IONIZING 
CATHODE Dror POTENTIAL 
ELectRODt (VoLTs) (VOLTS) 
Aluminum 11.2 5.96 
Silver 12.5 7.53 
Copper 13.0 7.68 
13.4 7.83 
Platinum 17.0 8.9 
Mild steel (coated 10.1-10.9 
welding rods, several) 
Stainless steel 15 
(bare welding rod) 
Stainless steel 13.3 


(coated welding rod) 
Tobin bronze 11 
Beryllium alloy 13 
Palladium alloy 1 


7H. Witte, Zeits. f. Physik 88, 415 (1934). 
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leads), as the open circuit voltage approached 13 
volts (for copper electrodes at atmospheric pres- 
sure), the arc characteristic disappeared. When 
an inductance was placed in series with the 
separating contacts, arcs could be established 
with only 8 volts open circuit voltage. The 
voltage across the contacts at separation, how- 
ever, was 13 volts, the additional voltage being 
supplied by the inductance. 

Hence one can say that for separating copper 
contacts a voltage of 13 volts at instant of 
separation is necessary if an arc is to occur. A 
current of more than 0.25 to 0.5 ampere is also 
necessary to produce a copper arc as shown by 
Ives.* This may be compared with the values of 
Burstyn,? 50 volts for a 3-ampere arc current and 
110 volts for 1.3 amperes. The values given by 
Burstyn are apparently too high. 

The voltage appearing across the contacts at 
the instant of separation has significance in 
determining the quality of electrode contact 
material and it may give information about the 
proper choice of welding electrodes.'® All other 
factors being equal, for interrupting an a.c. arc a 
low cathode drop material such as silver would 
probably be best, so as to keep the arc energy toa 
minimum." For a d.c. are, a high cathode drop 
electrode such as platinum would be advan- 
tageous because the arc can be made unstable 
more easily. 

Enough work with welding electrodes has not 
vet been done to see if there is any correlation 
between the recommended welding rod uses and 
the cathode drop. It can be stated definitely that 
the coating on the rod does have the effect of 
reducing the cathode drop. Since the coating 
contains a number of elements, some of which are 
known to have a low ionizing potential, and since 
the organic binder used in the coating permits the 
elements to enter the are stream, it is not 
surprising that the coating has an effect on the 
cathode drop. 


*H. E. Ives, J. Frank. Inst. 198, 437 (1924). 
*W. Burstyn, Elektrische Kontakte (J. Springer, 1937), 
p. 11. 


'® Reference 3 and E. A. Alexander, Trans. A. I. E. E. 
49, 519 (1930). 


"S. G. Eskin, Gen. Elec. Rev. 42, 81 (1939). 
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AN ELECTRIC CUSHION 


Keeps More Ships at Sea 


More ships of all types are in demand 
today than at any time in this nation’s 
history. Many of the new _ Diesel- 
powered cargo carriers now’ under 
construction are being equipped with 
the latest development of the electrical 
industry which provides more depend- 
able operation, minimizes repairs, and 
thus keeps more ships at sea. 

On Diesel-driven ships, in transmit- 
ting power to the propeller through 
reduction gears, the gears are normally 
connected directly to the engine. When 
connected in this manner, the vari- 
ations in the pulsations of the engine, 
sudden changes in speed, quick re- 
versing, subject the gears to sudden 
shocks. These shocks can now be 
cushioned by an electric coupling. 

The new coupling has two rotat- 
ing sections. One is attached to the 


engine, the other to the gears. There 


Please mention JOURNAL OF 


is no physical connection between the 
two. Air separates them. 

When the section attached to the 
engine revolves, electromagnetic force 
turns the gear section to drive the ship. 
Pulsations are ironed out, gear strain 
and repairs minimized. 

So, at sea, as on land, modern elec- 
trical equipment is playing a vital part 
in the country’s defense program. 

And remember, Westinghouse main- 
tains a corps of engineers whose en- 
tire time is devoted to solving prob- 
lems for industry. They may have the 
answer to your production problem. 
Use their services freely. 

Westinghouse Electric & Mfg. Co., 


East Pittsburgh, Pennsylvania. 


Westinghouse 


Time-Saver For American Industry 


ELECTRICAL POWER 
SPEEDS PRODUCTION 
No American manufacturer can 
afford to overlook the modern 
methods and equipment offered 
by the electrical industry for 
speeding up production, A phone 
call will bring a Westinghouse 
representative to your office to 
discuss your problems. 

Future advertisements on this 
page will describe how Westing- 
house is helping in the aviation 
. metal- 


. mining... Steel... 


working . . . and other industries. 


Watch for these stortes. 
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New Books 


BLACK’S 


Introductory Course in 


COLLEGE 
PHYSICS 


Second Edition. Brings completely up 
to date, with many new problems and new 
illustrations, one of the most popular and 
widely used texts ever published for first- 
year college physics. 734 pages. $3.75. 


PHYSICS 


By F. L. Robeson. A new text for the 
introductory course, suitable for both en- 
gineering and arts students, and notable 
for its very full, clear explanations of all 
the principles of modern physics. To be 
ready in August. 


ELECTRICITY 
& MAGNETISM 


By Norman E. Gilbert. Second Edi- 
tion. A thorough rewriting and revision 
brings up to date a text which has proved 
eminently satisfactory for engineering and 
science students. To be ready in Sep- 
tember in time for use in fall classes. 


Macmillan 
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A BEAM SWITCH? 


To the unappreciative, the beam switch in the 
Du Mont Type 208 Cathode-Ray Oscillograph is 
probably a useless superfluity. It may seem even 
less practical than the second tail-light of today’s 
automobile. Yet we have found it a very useful 
device. In many laboratory applications it serves 
a definite purpose. And the time comes when 
most users have real need for this feature. 


Far more significant than functional worth, how- 
ever, is what that beam switch means to you in 
selecting an oscillograph. Such attention to de- 
tail, as exemplified by this refinement, is char- 
acteristic of a manufacturer who has devoted 
many years to the development of cathode-ray 
indicating equipment. That experience back- 
ground is ever your assurance that Du Mont, the 
pioneer, is producing that kind of equipment 
which is the best compromise between the laws 
of nature and the limitations of modern manu- 
facturing methods. Du Mont constantly studies 
the requirements of instrument users. Du Mont 
builds instruments in keeping with such findings. 


And so this beam switch, along with other Du 
Mont refinements, indicates a rare attention to 
details and a more thorough grasp of cathode-ray 
oscillography as applied to your work. 


* Write for Literature... 


ALLEN B. DU MONT 
LABORATORIES, Inc. 


* New Jersey 
W espexlin, New 


Passaic 
able ss 
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ALWAYS SET UP 
TO MEASURE 


....INDUCTANCE 
.... RESISTANCE 
.. -CAPACITANCE 


A 
UNIVERSAL 
BRIDGE 
INEXPENSIVE 
AND 
COMPLETE 


J 


INCE its introduction several years ago this general-purpose bridge has proven to be one of the 
most popular instruments in the General Radio line. In any laboratory where any electrical 
measurements are being made, this bridge is used as often as a voltmeter. One of its principal 
features is that it is completely self-contained and always set up for rapid measurements with good 
accuracy. Other features include: 
@ DIRECT READING—over very wide ranges: 
Resistance: 1 milliohm to 1 megohm 
Inductance: 1 micromicrofarad to 100 microfarads 
Capacitance: I microhenry to 100 henrys 
®@ A-C OR D-C MEASUREMENTS—with built-in 1,000 cycle a-c hummer 
driven by four dry-cells, telephone headset being used for the a-c null 
indicator. The same dry-cells and a zero-center galvanometer are 
used for d-c measurements 
®@ GOOD ACCURACY—over major portion of above ranges the capacitance 
and d-c resistance accuracies are good to 1°%; inductance good to 2°% 


PORTABLE—weighs only pounds with batteries 
@® NO EXTERNAL STANDARDS—the necessary standards are built into 


the instrument 


The Type 650-A Impedance Bridge is moderately priced at only $175.00 complete except for 4 dry 
cells and headset. 


@ WRITE FOR BULLETIN 702 FOR COMPLETE DATA 
GENERAL RADIO COMPANY, Cambridge, Massachusetts 
BRANCHES: New York and Los Angeles 
MANUFACTURERS of PRECISION LABORATORY APPARATUS 
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“IS THE 
STANDARD CELL 
AN EPPLEY CELL?” 


. The far-seeing purchasing agent 
will find it to his advantage to ask 
this question before making a deci- 
sion on the purchase of automatic 
temperature control apparatus be- 
cause— 


For nearly a quarter of a century the 
leading American manufacturers of 
such apparatus have used Eppley 
Standard Cells in their recorders, py- 
rometers and other instruments utiliz- 
ing the potentiometric system of 
measurement. 


Today, more than ever before, these 
manufacturers realize that the standard 
cell—the heart of the potentiometric 
system—must be the finest and most 
reliable cell obtainable. 


The technical men responsible for the 
performance of the instruments know 
that the Eppley Standard Cell meas- 
ures up fully to their standards of 
excellence and reliability. 


THE EPPLEY LABORATORY, INC. 


SCIENTIFIC 


NEWPORT, 
U.S.A. 


INSTRUMENTS 


INCREASE 
EFFICIENCY 


UNCOATED COATED 


SPECTROSCOPES 
MICROSCOPES 
OPTICAL INSTRUMENTS 


By high vacuum coating with suitable fluoride film* 
to minimize surface reflection loss shown above in 
half coated aircraft instrument. 


NATIONAL RESEARCH CORPORATION 
100 BROOKLINE AVE. 
BOSTON, MASS. 


*U. S. Pat. 2,207,656 


TYPE B POTENTIOMETER 


A high-grade, general-purpose laboratory po- 
tentiometer with 3 ranges: 1.6, .16 and .016 volts. 
Extremely accurate and convenient. Used in lead- 
ing standardizing laboratories. 


Described in Bulletin No. 270 which also 

lists Rubicon portable potentiometers. 
Other products: standards of resistance, in- 
ductance and capacitance, Wheatstone and Kel- 


vin bridges, resistance boxes, galvanometers, 
electrometers, permeameters, colorimeters. 


RUBICON COMPANY 


Ridge Ave. at 35th Street Philadelphia, Pa. 
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COLOR PHOTOGRAPHY 


for Scientific and Technical Purposes 


"Figs photography with Kodachrome Film has wide application in 
scientific and technical fields. Among those in which it has been utilized 
with distinguished success are the following: 


Natural History—including wild life Cloud and aurora studies 


and botanical studies Mineralogy; petrography 
Exploration; archacology Geology; forestry 
Reproduction of works of art and Metallography 

museum pieces Photomicrography 
Documentary photography Photo-elastic studies 
Aerial photography Medicine; dentistry 


Kodachrome Film provides transparencies suitable for viewing by trans- 
mitted light, for projection, for duplicating, for printing, and for reproducing 
by photomechanical means. It is available in types balanced for daylight 
and for artificial light—in sheets from 45 x 107 mm. to 11” x 14”; magazines 
and rolls for miniature still-picture cameras; 16- and 8-mm. magazines and 
rolls for motion-picture cameras. 


EASTMAN KODAK COMPANY, Rochester, N. Y. 


GAERTNER 
“COMPTON” X-RAY SPECTROMETER 


usable as single or double spectrometer | 


featuring 


Slit Jaws independently actuated by micrometer 
screws reading to .0lmm. 


For use with Ionization Chamber, approx. 121%” 
long, 434" outside diameter. Interchangeable with 
camera. 


Circle divided at intervals of four minutes, and 
reading by microscope to | second. 


Coupled Gear Drive of crystal and chamber. 


We invite your inquiries on the above and also 
on the ‘ALLISON "’ Double X-Ray Spectrom- 
eter which can be furnished very promptly. 


THE GAERTNER SCIENTIFIC CORPORATION 
1212 Wrightwood Ave. Chicago, U.S.A. | 
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“APIEZON” 


OILS, GREASES 
and WAXES 


for high vacuum work 


have vapor pressures as 
low as 10° mm. of Hg, 
and even unmeasurable at 
room temperature. 


HE Apiezon products which we now carry 

in our Philadelphia stock, include special 
oils for oil-diffusion vacuum pumps, and a 
variety of oils, greases and waxes for sealing 
joints and stop-cocks in high vacuum systems. 
Bulletin 1565-R listing physical characteristics 
and prices will be forwarded upon request. 


JAMES G. BIDDLE CO. 


Electrical Instruments : 
1211-13 Arch Street Philadelphia, Pa. 


SHALLCROSS 


Resistance Decades 


One to six decades in a single box—manufactured in 
increments from 0.1 ohm steps up to 1,000,000 ohm 
steps. 


These adjustable standards are suitable for direct 
current measurements and alternating current meas- 
urements up to 50 kilocycles. Shallcross Resistance 
Decades are used extensively as laboratory standards 
and for D.C. and A.C. bridge ratio arms, voltage di- 
viders, substitution measurements and many other 
phases of electrical measurements and standardiza- 
tion. 


WRITE FOR BULLETIN NO, 825-BD 


FLUCTUATING 
LINE VOLTAGE 


CONSTANT 


Whether it’s | VA for an instrument or 10 KVA for a produc- 
tion line—here’s constant, stable voltage for you at all times, 
even though the line voltage varies as much as thirty percent. 
They are fully automatic and instantaneous in operation— 
have no moving parts—require no maintenance—and are self- 
protecting against short circuit. 

You can build a Sota Constant Vo_TaGe TRANSFORMER into 
your product, or incorporate it in your production line or 
aboratory and know that every test will be made under iden- 
tical line conditions. 

Compact—economical. Standard designs are available, or 
units can be built to your special specifications. 


1 SOLA ELECTRIC CO. 7525, Clybourn Ave., 


BULLETIN 
VCV-74 


The Literature of Acoustics — 


Now you may have finger-tip control of the 
vast literature of acoustics published from 
1929 to 1939. 


The’ Acoustical Society of America has pub- 
lished a Cumulative Index covering articles 
on acoustics which appeared in 


@1. The Journal of the Acoustical So- 
ciety of America, 1929-1939. 


@2. Contemporary magazines both 
American and foreign, 1937- 
1939. 


The Index is classified according to subject 
matter and according to author. 


Paper cover, 132 pages, Price $3.00 


Order now from 


The American Institute of Physics 
175 Fifth Avenue New York, New York 


SHALLCROSS MFG. CO. 


Instruments + Resistors + Switches 
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NEW BOOKS OF UNUSUAL INTEREST 


GENERAL MATHEMATICAL TABLES 


By Hersert B. Dwicut, Massachusetts Institute of Technology. In press—ready in May 


This new book is unique in that it presents tabular values in decimals of degrees. In addition to the usual trigonometric 
functions, it includes the other more commonly used functions in convenient tabular form. Brief explanatory notes 
and definitions of functions precede each section. 


ELECTRONICS 


By Seevy and Jacop Mitiman, College of the City of New York. In press —ready 
in May 


In this book the authors present a development of basic electronic principles with applications to many pas in 


electrical engineering and physics. The book includes general considerations of both vacuum and gas filled electronics 
devices. 


ELECTROMAGNETIC THEORY 


By J. A. Srratrron, Massachusetts Institute of Technology. International Series in Physics. 
615 pages,6x9. $6.00 


This advanced text and reference book places primary emphasis on dynamic rather than static field theory, and the 
greater part of the book is devoted to the propagation of plane, cylindrical, and spherical waves, the theory of radiation, 
and representative boundary-value problems. The m.k.s. system is used throughout. 


Send for copies on approval 


McGRAW-HILL BOOK COMPANY, Ine. 
330 West 42nd Street . ; New York, N. Y. 


ION TYPE X-RAY TUBE 


A reliable, steady, and powerful source of homogeneous 
(monochromatic) or heterogeneous (white) x-radiation for 


Diffraction and Crystal Structure Study 
Metallurgy 

Chemical X-Ray Analysis 

Biological Radiography and Irradiation 


*Tubes of Stainless Steel... no leak- *Three or Six Radiographs obtainable 
age... no corrosion. independently or simultaneously with 
single or double-tube units respec 
*Simple Design... sturdy construc- tively. 
hime a ane *Two Radiations May be Obtained Si- 
multaneously by using different 
*&Single or Double-tube Units for Ver- targets in each tube. 


tical or Horizontal Operation . . 


* Targets Interchanged Easily and cath- 
each tube may be operated inde- 


odes replaced conveniently without 


pendently at any angle... one adjustment. 
tube of the double-tube unit may > = ‘flicie 
be operated while the other tube is *%Point-source Radiation . . . efficient 


vacuum seals. 
*Will Operate Continuously for long 
*%&Demountable Tubes for operation in- periods without pumping or atten 
dependently or simultaneously. tion. 


inoperative or demounted. 


We can also furnish 
POWDER SPECTRUM DIFFRACTION CAMERAS (Circular Type) 


for use with this tube 


Write for 
Bulletin 1045 AP AMERICAN INSTRUMENT C0. 


8010 GEORGIA AVENUE - SILVER SPRING, MARYLAND 
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INDEX TO ADVERTISERS 


The following firms have shown their interest 
in the advancement of physics through their 
support of the journals and other services of the 
American Institute of Physics and its Founder 
Societies. This should entitle them to consid- 
eration by physicists whenever possible. 


Name Page 


AMERICAN INSTRUMENT COMPANY ............065 ix 


lon Type X-Ray Tube. Powder Spectrum Diffraction 
Cameras. Scientific Instruments and Supplies. 


Bauscu & Lomsp Optica COMPANY ........... Cover 3 


Makers of Microscopes, Microtomes, Colorimeters, Re 
fractometers, Spectrometers, Balopticons, Photomicro- 
graphic and Microprojection Apparatus and related in- 
struments Also makers of Orthogon Eyeglass Lenses 
for Better Vision. 


“JagabP?’ Rheostats; Adam Hilger and Kipp & Zonen 
Optical Instruments; ‘‘Pointolite’’ Lamps; Electrical Test- 
ing and Speed-measuring Instruments 


Camprince UNIVERSITY PRESS iv 


CENTRAL SCIENTIFIC COMPANY ......-cccceeees Cover 4 


Manufacturers of Cenco Physical Apparatus and Instru 
ments to meet all requirements of University, College 
and High School Physics Laboratories. Specializing in 
high vacuum pumps and development of instruments and 
apparatus for various sciences. 


Auten B. DuMont LABORATORIES iv 
Cathode Ray Tubes, Oscillographs and Accessory Ap- 
paratus. 

EASTMAN KopAK COMPANY vii 


Purified Organic Chemicals for research purposes; Plates 
for Photography, Photomicrography, Spectroscopy, Pho- 
tometry, Astronomy; Wratten Light Filters; Cameras and 
Films. 


Ton LABORATORY, TNC. vi 


Standards of e.m.f. (standard cells). Precision elect:i_al 
instruments; potentiometers, bridges, temperature bridges, 
volt boxes. Thermopiles and pyrheliometers. 


(JAERTNER SCIENTIFIC CORPORATION vii 
Spectroscopes, Spectrometers, Spectrographs, Spectropho- 
tometers, Heliostats, Measuring Microscopes, Compara- 
tors, Cathetometers, Reading Telescopes, Interferometers, 
Chronographs, Dividing Machines, etc. 


Manufacturers of  electroni measuring instruments; 
vacuum-tube voltmeters, amplifiers and oscillators; wave 
analyzers, noise meters and analyzers, stroboscopes; lab- 
oratory standards of capacitance, inductance and fre- 
quency; impedance bridges, decade resistors and con- 
densers; air condensers and variable inductors; rheostats, 
Variacs, transformers; other laboratory accessories. 


< 


& NortHrup COMPANY i 


Manufacturers of Galvanometers, Resistors, Bridges, Con 
densers, Inductances, Potentiometers, Testing Sets; Tem 
perature Measuring, Recording and Controlling Appa 
ratus; Instruments for Measuring and Controlling Conduc- 
tivity of Electrolytes and Hydrogen lon Concentrations. 


McGraw-Hiutt Book Company, INc. ............. ix 
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NATIONAL RESEARCH CORPORATION ............... vi 
Specialists in industrial applications of high vacuum in 
the fields of physics and chemistry; research, design, 
consulting; low reflecting glass surfaces, special products 
produced under low pressure. 


OHMITE MANUFACTURING COMPANY ...........--- x 
Manufacturers of close control rheostats, fixed and ad 
justable power resistors, precision and non-inductive 
resistors, attenuators, tapswitches and R.F. chokes. 


RCA MANUFACTURING Co., INC. ii 


RCA Oscillators and Oscillographs, RCA Test Equip- 
ment, RCA Ultra-Sensitive DC Meter. 


Galvanometers, electrometers, po‘eatiometers, Wheatstone 
and Kelvin bridges, resistance boxes, hydrogen ion and 
conductivity apparatus. 


Taylor High Voltage Resistors, Kilovoltmeters, Megohm 
Decade Resistance Boxes, Bridges, Resistance Standards, 
Test Sets, Attenuators, and other laboratory apparatus. 
Solid silver contact rotary selector switches, Super Akra 
ohm, non-reactive wirewound resistors. Special appa 
ratus built to specifications. 


Constant Voltage Transformers; Fluorescent Lamp Bal 
lasts; Transformers for Power Distribution, Signal and 
Control Systems and other industrial applications. 


WESTINGHOUSE ELectric & MANUFACTURING Com- 


Please 


Accept 
this new 
Catalog 
and 
Manual 


RESISTORS * RHEOSTATS * TAP SWITCHES 


You'll find it an invaluable guide to the solution 
of resistance problems . . . 96 pages packed full ot 
engineering data and helpful information on Re- 
sistors, Rheostats, Tap Switches, Chokes and Atten- 
uators for all types of applications in laboratories, 
products and production equipment. Write for 
your free copy of Catalog No. 40. 


OHMITE MANUFACTURING COMPANY 
4888 Flournoy Street, Chicago, U. S. A. 
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